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Abstract
Mechanisms for Orientation in Low Energy Ion Beam Assisted TiAlN
Thin Film Growth
by
Paul V. Aliotta
University of New Hampshire, May 2016

The effects of off-normal ionized vapor bombardment on the orientation and structure of off-normal sputter deposited TiAlN thin films has
been investigated with the goal of better understanding the mechanistic
pathways in ion beam assisted thin film growth for better control of film
properties during deposition. The effects of incident angle for ion bombardment has been investigated as a potential variable during deposition
and a comprehensive comparison to current theories of thin film orientation development has been made.
It is shown that for low levels of ion energies and rates, films develop
(220) orientation with a near amorphous Zone 1 morphology for low ion
incident angles. As the rates and energies of ions increases, (111) orientation and fibrous ZT morphology develops. It is also seen that as the
angle of ion bombardment increases the threshold level for rates and energies of ions to cause (111) orientation and ZT morphologies is reduced.
This change in orientation and morphology has been shown to change insitu according to the level of ion bombardment making this transition a
potential tool for developing microstructures within thin films.
Commonly accepted theories of thin film orientation have been investigated with respect to the development of (111) orientation for low
energy ion beam assisted deposition including surface energy reduction,

xviii

thermal influences, strain energy reduction, ion channeling, and ion damage anisotropy though such mechanisms were not successful in describing
the development of (111) orientation. Atomic subplantation, generally regarded as a mechanism for bond formation in diamond-like carbon films,
has also been investigated as a potential mechanism for orientation development. By treating the interaction of ions with the depositing film as a
collision between ion and surface atom, the transition from (220) to (111)
orientation is found to occur when the average energy transferred per
atom normal to the surface in such a collision is ≈ 12.5 eV/atom. Comparisons to simulations made using the SRIM/TRIM 2013 package show
that though the subplantation threshold for Ti is ≈ 7.5eV, the threshold
for Al is ≈ 12.5eV. Given such an agreement is is concluded that surface metal species subplantation is the mechanism for (111) development
during the low energy ion beam assisted deposition of thin film.
Structure development has also been investigated and it has been
shown that ion bombardment during thin film growth can be used to
control columnar tilt in off-normal sputter deposition. The level of tilt
is shown to be dependent on ion incidence angle and it was found that
the average energy transferred normal to the substrate determined the
level of tilt reduction for all angles. The mechanism for tilt reduction is
attributed not to subplantation, but to the forward sputtering mechanism
allowing for collision cascades to fill voids within the film during growth.
Better understanding the ability of ion bombardment during thin film
growth to influence morphologies and microstructures will expand the current range and applicability of techniques for developing microstructures
within thin films for application. Additionally, understanding mechanisms
for orientation development during thin film growth will allow for a wider
range of film properties to be developed for use in future applications.
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1

Introduction/Motivation

Thin film research is one of the most diverse and far reaching areas of technology
currently under development. Applications include decorative coatings, industrial wear resistant coatings, electrical devices created with coatings, optical
coatings, and even to thin film bioorganic devices [1, 2, 3, 4, 5, 6]. Films can be
used to not only create layers which alter surface properties of existing structures
and materials but can be utilized to create new structures using lithography and
e-beam etching procedures [7, 8]. Creating thin films is done by many processes
including, but not limited to: Chemical Vapor Deposition (CVD), Physical Vapor Deposition (PVD), Chemical Solution Deposition (CSD), and Spin Coating
with each having various advantages and disadvantages [9, 10]. One of the oldest
and most widely used is sputter deposition, best described as an atomic collision
phenomenon in which atoms are ejected from a given material due to the bombardment of energetic ions. Compared to other processes it is highly malleable,
able to be used under a range of conditions making it a prime candidate for
both research and many commercial applications. [11, 12, 13].
Most commonly advances in thin film technology have been achieved through
the discovery of new materials along with improvements in deposition technology and equipment. One such advancement is in the category of transition
metal nitrides, a common class of commercial coatings [14], where titanium nitride, still widely used for its high hardness, stability, and biocompatability [15],
was shown to be dramatically improved by the addition of aluminum making
titanium aluminum nitride. This film was shown to have increased hardness,
oxidation resistance, and thermal stability giving it uses in an even larger variety
of applications [16, 17, 18, 19].
Still, not only are the materials composing the film important, but the struc-
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ture and orientation can have a large influence on performance [22]. Crystalline
orientation of films has been shown to influence many properties including hardness, resistivity, thermal conductivity, and magnetic susceptibility [20]. Morphologies also show similar relation to film properties and an increasing amount
of research has investigated the utilization of angled techniques such as glancing
angle deposition (GLAD) which have allowed for the formation of microstructures within films that have shown potential for a variety of future applications
[21].
One deposition technique, the bombardment of a film with energetic ions
during deposition, is commonly used to alter film density though it is also known
to influence orientation and morphology. Unfortunately this is a vastly underutilized technique mainly because a complete understanding of the mechanisms
by which ions alter such properties is elusive, partially due to the difficulty of
controlling ions during thin film growth. Research into Ion Beam Assisted Deposition (IBAD) mechanisms is often either completely theoretical [23, 24] or
confined to such narrow range of test cases that the results are far from generalized, making positive connections to theories seem almost coincidental [25].
This has resulted in the commercial use of ion bombardment during thin film
growth being somewhat limited with a focus generally being on increasing density. This not only demonstrates the need for research into a more fundamental
understanding of the IBAD process but that there is, quite possibly, much more
that can be done using the IBAD process for film growth than what is currently
done.
One technique which currently lacks in-depth investigation is the manipulation of the angle of ion bombardment during deposition and its effects on
film properties. The goal of this work is to investigate the effects of angled
ion bombardment on the growth TiAlN with a focus on not only the resulting
2

orientations, structures, and morphologies of TiAlN but also on better understanding the mechanisms governing film growth undergoing ion bombardment.
By better understanding such mechanisms and techniques it will become possible for better control of film properties allowing for a new range of uses for thin
film technology.

3

2

Thin Film Characteristics and Applications

Properties of thin films vary greatly due to not only chemical composition but
also internal characteristics such as grain size and orientation of the various
crystalline planes, illustrated in Figure 1. This allows for thin films to have
applications for any industry or device where surface characteristics are of vital
importance including wear and abrasive resistant coatings, conductive and resistive coatings in electronic devices, high-temperature coatings for automobiles
and airplanes, optical coatings, and many others. Investigated in this work is
titanium aluminum nitride which is most commonly used as a wear resistant
coating due to the high hardness, oxidation resistance, thermal stability, and
corrosion resistance. However these properties have also allowed it to be used
in many other applications. Still, despite the broad use of such a coating, the
anisotropic nature of TiAlN illustrate the need for improved understanding of
growth mechanisms and techniques which may allow for improvements to films
and developments for future applications.
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Figure 1: Example of common Miller indicies within a cubic crystal [29]

2.1

Hardness

High hardness for wear resistant coatings, such as TiAlN, is considered the most
important property as it allows the film to resist deformation better than softer
films which allows it to last longer while undergoing abrasive wear [26, 27]. Film
hardness is strongly impacted by the orientation as geometrically, and shown
experimentally, the (111) orientation is the hardest for FCC thin films making
it the ideal orientation for a wear resistant film [28].
Film hardness is also influenced by chemical composition and packing density
of the material. Voids within a material allow for easier atomic movement
throughout the film and, thus, decrease hardness. This can be negated by
nitriding the material which increases the density and packing fraction of the
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film which in turn increases the hardness of the material [30, 31].
Additionally, morphologies have been shown to influences hardness with a
reduction in grain size having a strong correlation which is commonly attributed
to its ability to limit dislocation movement throughout a film[32, 33]. However,
there are limits to such a mechanism and a full discussion is beyond the scope
of this thesis. Still, the need for understanding growth mechanisms which can
influence such properties is vital for the control of film growth and the development of improved films and coatings.

2.2

Oxidation

During high temperature uses in oxygen rich environments, such as ambient atmosphere, films often undergo oxidation, which alters the chemical composition
of the material and can reduce the hardness of the material. For example, TiN
has a hardness of ≈20 GPa and TiAlN has a hardness of ≈30 GPa, however
oxidized TiO2 has a hardness of ≈10 GPa [34, 35, 36, 37, 38].
Alloying is often employed to increase oxidation resistance. Not only does
the introduction of Al into TiN increase hardness but it decreases the ability
of TiO2 to form. This increased oxidation resistance is due to a protective
layer of AlO forming on the surface leaving a higher percentage of TiN intact
relative to a non alloyed Titanium Nitride coating. More recent attempts to
further improve the oxidation resistance of such films include additional alloying
elements such as Cr to create TiAlCrN [[39] or small additions of Yttrium which
block high diffusivity pathways for oxygen atoms between grains preventing
oxidation within the film [40, 41].

6

2.3

Thermal Stability

In addition to oxidation, film stability at high temperatures is also a concern.
When subjected to high temperatures the decomposition of alloys into segregated phases may be problematic for practical applications especially for thin
films which are commonly used as diffusivity barriers in semiconductor devices.
TiAlN is one such metastable film which at high temperatures can decompose
into cubic TiN and cubic or wurtzite AlN segregated phases. This may reduce
hardness and, due to lattice mismatches in the decomposing phases, introduce
strain into the system. High material stability is often useful in applications
such as thermal, chemical, and oxidation barriers and due to the high density
and stability of TiAlN up to temperatures of 800o C it is considered to be a
prime candidate for such applications[42, 43, 44, 45].
As with oxidation resistance it has been shown that alloying with 4d or 5d
transition metals can increase stability. Small amounts of Ta (≈4-5%) has been
shown to not only increase hardness but allow the metastable TiAlN lattice to
stay stable at higher temperatures. Additional attempts have also included the
use of multilayered structures involving TiAlN in order to combine the properties
of various materials together and create more useful films [45, 46, 47].

2.4

Characteristics and Orientation

Though these are generally the most common properties associated with TiAlN
as a wear resistant coating many more measurable properties exist for other
applications and other films including resistivity, thermal conductivity, a variety
of optical properties, and much more, nearly all of these properties are influenced
by the structures, morphologies, and orientations within the film. Hardness
is improved with small grains, limited voids, and (111) orientation, oxidation
is influenced by the pathways between grains making grain size manipulation
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important, and thermal stability and decomposition has been related to both
grain size and orientation [48]. This not only highlights the malleability of such a
film and the importance of controlling deposition conditions to ensure a quality
film but also demonstrates the importance of understanding the mechanisms
underlying the development of both film orientation and morphologies.
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3

Film Growth Mechanisms

As an increasingly wide range of research and industries look to thin films as a
means to improve the surface properties of materials and devices, understanding
the mechanics of thin film growth becomes increasingly importance as increased
understanding of growth allows for increased control of properties of films and
for more advanced and specifically tailored films to be created. Ultimately the
deposition conditions determine the inherent qualities of the film such as texture,
grain size, porosity, and so on which then determine the useful properties of the
film such as hardness, conductivity, and so on. This makes the understanding of
mechanisms behind film growth becomes increasingly important for controlling
such properties and tailoring films for specific needs.
Unfortunately though comprehensive literature reviews of orientation mechanisms do exist and models for the development of morpholgy are common few
simultaneous investigations of all proposed mechanisms exist leading to a lack
of knowledge of when certain orientation may dominate the growth of films
and potential relations to morphology. Processes such as surface diffusion and
sticking probability are generally related to the surface energy reduction mechanism while growing thicker films and applied electromagnetic fields are often
related to a strain energy reduction mechanism [49]. Though it is well known
that certain deposition variables such as deposition rate and applied biases may
determine which mechanisms dominate, a complete understanding of such relationships is lacking. It is also somewhat unknown how these mechanisms may
relate to the growth mechanisms which dominate during IBAD processes and
each will be investigated as a potential indirect mechanism of orientation during
IBAD.
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3.1

Morphologies

Classification of microstructures within thin films is generally done using the
Structure Zone Model (SZM) which classifies structures according to the deposition temperature relative to the melting point Ts /Tm and the deposition
pressure[50] which is seen in Figure 2. Various attempts to create revised structure zone models additionally accounting other conditions including deposition
angle and ion bombardment have been attempted, however due to the wide
range of potential results no revised Structure Zone Models has gained wide
acceptance [51, 52, 53].

Figure 2: The Structure Zone Model which illustrates the various morphologies which
may develop based on deposition pressure and substrate temperature during thin film
deposition[50]

Zone 1 (Z1), generally occurring at low deposition temperatures Ts /Tm < 0.1
for a pressure of 1mTorr. For Z1 growth the atomic energies are low so that
10

surface diffusion is negligible. Film morphology is such that grains have multiple defects and can be amorphous often having cones terminating with domes
for thicker films. For Zone ZT, occurring at temperatures of 0.1 < Ts /Tm <
0.4, surface diffusion is still limited, however voids and domes are now absent
and thin vertical fibrous grains become present. Zone 2 (Z2), occurring at
0.3Ts /Tm < 0.5, occurs when surface diffusion now influences film morphology
and films consist of larger fibrous grains with diameters increasing with film temperature. Zone 3 (Z3), occurring at temperatures of Ts /Tm > 0.5, occurs when
high levels of bulk and surface diffusion results in larger equiaxed crystallites
and smooth surfaces [50].
Control of morphologies is often vital for influencing film properties. During sputter deposition, factors such as deposition rate, ion bombardment, and
deposition angle can also influence the transition between zones. Regardless of
deposition conditions, film morphology is generally classified according to the
various zones.

3.1.1

Columnar Tilt

The morphologies present within Z1 and ZT growth conditions have become an
area of interest for researchers due to the ability to create nanostructures within
films by utilizing oblique angle deposition (OAD) and glancing angle deposition
(GLAD). This has allowed for the creation of films that meet the requirements
of a large number of electronic devices currently being utilized including solar
cells, Li batteries, biosensors, etc. [54, 55, 56, 57]. Most commonly such films
exhibit a tilted void filled columnar structure when deposited at comparatively
low temperatures as during off-normal deposition nucleating structures tend to
shadow areas behind them from the deposition flux [58]. This can be exploited
to create various structures such as helical or zig-zag patterns of grains within
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a film, seen in Figure 3.

Figure 3: SEM images of various structures achieved through the use of various deposition techniques illustrating, a)zig-zag patterns, b) spiral nanostructures c)zig-zag
plus spiral d)modulated width nanocolumns e) vertical nanocolumns [54]

Tailoring the properties of such films is often dependent on controlling the
angle of deposition, α, which can result in a tilted grain structure at an angle
of β (illustrated in Figure 4)which is related by

tan(β) =
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tan(α)
.
2

(1)

Figure 4: Illustration of the relationship between deposition angle and the tilted growth
of columnar microstructures [59]

Though the ”tangent rule”, as it is often referred to, is quoted frequently it is
still a heuristic expression and many factors determine the tilt angle during film
deposition[54]. As the self shadowing effect, which is responsible fur such tilts,
relies on nucleating structures shadowing voids from the deposition flux, surface
diffusion of atoms and the nucleation size are equally important and it has
been shown that as film temperatures increase columnar tilt is directly affected
[60]. Various attempts have been made at determining a thorough model for
shadowing and columnar tilt. However most attempts are still conditionally
dependent.
The structures created using OAD and GLAD techniques generally exhibit
high porosity and low compactness. Though such structures would be considered to be less than optimal for many traditional applications, such as corrosion/wear resistance, such microstructures often have unique electrically and
optically anisotropic properties which show potential in a variety of applications. The general focus in the research of such films has been in determining
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methods for harnessing and tailoring these properties for various applications.
Currently the largest issue for such microstructured films is the scalability for
use in many applications. The high dependence of the tilt on deposition angles
and coonditions presents problems for the wide use of such films making the
understanding of mechanisms and techniques for controlling such tilts highly
important for the development of new technologies.

3.2

Surface Energy

The effects of surface energy minimization not only have been discussed as a
cause for texture and orientation development in thin films but are also considered to be influential for the early stages of film morphology [61, 62]. Thin film
growth is characterized as one of three types of growth models, illustrated in
Figure 5, based on the relationship between the surface energy per unit area of
the free film surface (γf ), substrate-film interface(γi ), and substrate free surface
(γs ).

Figure 5: Illustration of the 3 types of thin film growth a) Volmer Webber (island)
b)Frank van-der Merwe (layer-by-layer)c) Stranski Krastanov (mixed) [63]
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Frank-van der Merwe growth (layer-by-layer growth) is characterized when
film atoms preferentially attach to free surface sites. This results in smooth two
dimensional growth where each atomic layer is fully formed prior to the growth
of subsequent layers. From a surface energy viewpoint, the total energy will be
lower when the film “wets” the substrate than for bare spots and the following
relationship holds true
γi + γf < γs .

(2)

When this relationship no longer holds true for the deposited material film
growth takes on the form of Volmer Weber growth (island growth). This mode
of growth is characterized by high surface mobility and inter-atomic attraction
being larger than substrate atom attraction. This results in the nucleation of
clusters, or islands, upon the surface of the substrate. As film growth continues
impingement and coalescence of these islands results in rough, coarse films.
Thirdly Stranski-Krastanov growth occurs when island growth begins after
a period of monolayer growth. This is the result of the interface energy changing when the substrate is altered due to monolayers of film deposited. This
growth is commonly associated with γi between the previous film layers and
new growth[64].
The most basic model of the surface energy of crystalline materials takes into
account the number of broken bonds on a surface which can change depending
on the type of structure and orientation. Within a material Na number of atoms
will form 0.5Na bonds and will have 0.5Na Z bonds where Z is the coordination
number. For a given atom, the energy from broken bonds is given as

E(hkl) = energy of one bond * number of broken bonds per atom =  ∗ n (3)
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with the energy of one bond being given as

=

∆Hs
0.5Na Z

(4)

where ∆Hs is the molar enthalpy of sublimation. This gives a surface energy of

γ(hkl) =

∆Hs
∗ n ∗ (N/A)
0.5Na Z

(5)

with N/A being the surface concentration of atoms for a plane. Calculation of
surface energy ratios reveals that
FCC materials γ(110) > γ(100) > γ(111)
BCC materials γ(111) > γ(100) > γ(110) .
Though the general structure is FCC, for the TiN family of coatings the
lowest surface energy plane is (002) due to differences between the FCC and
NaCl structures [65]. During thin film growth grains often form facets on the
surface, illustrated in Figure 6, so for example (111) orientated TiN films may
not have (111) broken bonds on the surface but rather (100) bonds [66, 67].
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Figure 6: SEM image illustrating a highly faceted thin film surface

3.3

Epitaxy

When depositing a film upon a crystalline substrate it is not uncommon for the
resulting film orientation to be influenced by the orientation of the substrate
or, in the case of multi layered films, the preceding film layer. When lattices
of the film and substrate differ in size, the film lattice will often deform in an
attempt to match the substrate, thus the result of epitaxial influences is often a
film which is in a stressed state and buffer layers with a lattice constant between
the substrate and desired film are often employed [68, 69].
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3.4

Stress

On a macroscopic scale stress can be viewed as an applied force on an object
which has the ability to break, deform, or weaken said object. Within thin
films even small stresses are enough to cause large changes to the film’s mechanical, electrical, thermal, and optical properties and it is for this reason
that understanding and controlling stress within thin films is important to their
performance in practical applications.
On an atomic scale stress is caused by atoms being displaced from their
equilibrium position within a material. This displacement can either be caused
by external forces acting upon the system or residual stress within the system
which is the stresses that are present in the system in the absence of external
loads [70].

3.4.1

Causes of Stress

Though the concept of condensed matter physics often begins with crystalline
structures (body centered cubic, face centred cubic, and many others) and is a
useful starting point for an understanding of the arrangement of atoms within
a material the reality is that many of the lattices are far from perfect. These
imperfections often lead to the lattice structure within a grain to be deformed,
causing stress within the film. The causes of stress are numerous however a few
important ones are explained here.
Dislocations
In three dimensions there are two basic categories of dislocations, edge dislocations and screw dislocations. In either case, attempting to trace an ideal path
18

Figure 7: Illustration of edge and screw dislocations seen in ideal lattices which can
lead towards stress wtihin films [71]

around defect which would be closed in a perfect lattice is no longer possible,
instead the resulting vector needed to close the path is referred to as the Burgers
vector which is illustrated in Figure 7.
Edge dislocations are caused by the insertion of a plane within the lattice
that is not the full size of other planes. An example two dimensional perfect
lattice might have 10 rows of 10 atoms whereas one with a slip dislocation
would result in five rows of 10 atoms and five rows of 9 atoms as square-like
as possible. Eventually the square would be imperfect with this loss of half a
column which would cause the lattice to be deformed. This deformation means
that some atoms are displaced from their ideal location either with this difference
in distance meaning the atoms are not at their ideal lowest energy configuration
and stress has been introduced into the system. [72]
The second major type of dislocation in a lattice is a screw dislocation which
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can only exist in three dimensions. This is caused by having multiple planes
of a lattice in which there is a partial “slit” in a plane and where that half is
connected to another plane resulting in a spiral effect. In this type of dislocation
attempting to trace a path in the x-y plane around the dislocation would result in
the final position to have changed position along the z axis. In the same manner
this alteration of atoms from their equilibrium position introduces stress into
the film.
Thermal
During deposition, a coating’s surface area is constrained to be the same as
the substrate (assuming the adhesion is large enough to prevent peeling). In
the deposition of many films additional thermal energy is required in the system either to increase atom mobility during the nucleation process or to ensure
specific chemical reactions may take place. For obvious practical reasons, practical coatings are then cooled to room temperature. During this cooling thermal
contraction takes place and due to the substrate and coating having different
expansion coefficients they contract at different rates which either compresses
or stretches the film causing stress according to

σth = Y (αf − αs )(Ts − Ta )

(6)

where αf and αs are the coefficients of thermal expansion of the film and substrate and Ts and Tf is the substrate temperature during deposition and the
temperature during stress measurement.
External Field Induced
This category involves any temporary or permanent force which would deform the film or lattice. As a film attempts to exist in its lowest energy state,
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externally applied fields, such as electrical, magnetic, or gravitational, will inevitably deform the lattice to some degree. As all films studied exists within the
gravitational field of the earth they all contain some degree of inherent stress,
though too small to measure. Often films grown under PVD processes are grown
upon substrates which are given an electrical bias as the film grows and bonds
to the substrate. Upon the removal of this electric field the film is unable to
relax to its field free lowest energy state leaving the film in a stressed state [73].
Other Causes of Stress
As mentioned, there are numerous mechanisms of residual stress within thin
films. Though there are too many to fully discuss a list of more common causes
is presented in Freund and Suresh p. 61 [72] as
-Surface and/or interface stress
-cluster coalescence to reduce surface area
-vacancy annihilation
-grain growth or grain boundary area reduction
-grain boundary relaxation
-shrinkage of grain boundary voids
-incorporation of impurities
-phase transformations and precipitation
-moisture adsorption or desorption
-epitaxy
-structural damage as a result of sputtering or other energetic deposition
process
-plastic or creep deformations
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3.4.2

Relationship Between Stress and Orientation

It has been theorized that for elastically anisotropic thin films, the development
of texture within thin films is due to strain energy reduction [74, 75, 76, 77].
The work done on a cubic lattice due to deformations would be

WE = Y δ 2

(7)

where Y is Young’s Modulus and δ is the length of deformation. For a cubic
lattice, Young’s Modulus would be

Y = (1/2)(c11 + 212) ∗ [3 −

c11 + 2c12
] (8)
c11 + 2(2c44 − c11 + c12 )(l2 m2 + m2 n2 + l2 n2 )

where l, m, and n are the directional cosines and c11 ,c12 , and c44 are elastic
compliances. In order to reduce the elastic energy the film would align such
that the plane with the lowest value of Y would be in the direction of the stress.
For an isotropic material
2c44 − c11 + c12 = 0

(9)

Y [iso] = c11 + c12 − 2(c212 /c11 )

(10)

and

considering that most metals (including TiAlN) are elastically anisotropic, Young’s
modulus must be calculated for each orientation giving

Y [100] = c11 + c12 − 2(c212 /c11 )

(11)

4c44
)
4c44 + c11 + 2c12

(12)

Y [111] = 6c44 (c11 + 2c12 )/(c11 + 2c12 + 4c44 ).

(13)

Y [110] = (3/2)(c11 + 2c12 )(
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Calculating for TiAlN using values from [78] gives Y [100] = 493, Y [110] = 590,
and Y [111] = 628 GPa. Under a 2D plane biaxial stress parallel to the substrate
a TiAlN thin film should exhibit (100) fiber axis orientation in order to reduce
the strain energy.

3.5

Spinodal Decomposition

During thin film deposition it is possible to create a composite alloy of two
or more materials which are immiscible. Such systems are characterized by not
being resistant to infinitesimal changes which can be a fluctuation of composition
[79]. In this case the only barrier for nucleation within the material is the
diffusion barrier, generally leading to various degrees of unmixing within the
material, referred to as spinodal decomposition, as the thermal energy of the
material reaches sufficient levels.
Spinodal decomposition of binary alloys is a well known and documented
process which has been confirmed and modelled in various experimental and
theoretical studies showing it to influence film properties[80, 81]. “Spinodal”
refers to the boundaries between metastable and unstable regions of the phase
diagram where the diffusion coefficient is negative [82]. The conditions for decomposition can be viewed thermodynamically with the Gibbs free energy of
mixing, ∆Gmix being the difference between the Gibb’s free energy of the alloy
and of the free energy of the state where the individual components exist .
An example plot of ∆Gmix as a function of composition is shown in Figure 8.
Point B, a maximum and unstable point, exists as a state where any fluctuation
of composition will lead to a decrease in energy. All points between points A and
C are considered unstable as the second derivative with respect to composition
is negative

∂ 2 ∆Gmix
,
∂x2A

and any fluctuation will lead to a decrease in energy.
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Figure 8: Example of the Gibbs free energy of mixing for a binary system with a
spinodal region [83]

3.5.1

TiAlN

As mentioned in earlier chapters, cubic Ti0.5 Al0.5 N is considered a metastable
structure and within the spinodal region it is known to decompose during annealing into stable Ti rich and Al rich segments [84]. Though the decomposition
generally does not have adverse effects on hardness or properties related to film
performance, for common applications the volume and method of incorporation
may influence factors such as stress and thus indirectly influence film performance [85]
Initial film orientation can also influence resulting phase orientation during
spinodal decomposition. During the initial phases of decomposition TiAlN will
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develop Ti rich and Al rich segments which maintain the original FCC structure. However as the decomposition within the film evolves the AlN segments
develop a wurtzite structure (a FCC AlN phase is possible but is metastable and
transforms to the stable wurtzite structure) while the TiN segments maintain
the FCC structure. A plot of the spinodal for TiAlN is shown in Figure 9 as a
function of pressure.

Figure 9: The spinodal region of isostructural cubic TiAlN under different pressures
[82]

Films which have undergone partial decomposition generally exhibit small
satellite peaks surrounding the main XRD peak each representing a phase rich
in one of the two main elements. As the decomposition process becomes more
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complete the main peak eventually disappears while the resulting phases develop
distinct patterns.
During the initial stages of TiAlN decomposition, the Ti rich and Al rich
segments begin to develop different lattice constants due to the different atomic
sizes of Ti and Al atoms. Rafaja et al. [85] determined a relationship between
the lattice parameter and the Al content of the main peak within Ti1−x Alx N
as being

a(T i1−x Alx N ) = [0.42418(2) − 0.01432(2) ∗ x]nm.

(14)

By analyzing peak positions in XRD plots the concentration of Al in TiAlN
phases can be determined which provides a measure for the progression of decomposition.
It can also be shown that minimizing crystallographic differences is possible
during decomposition and may act as an orientation mechanism. The mutual
orientation relationship results in (111̄)f cc ||(002)w and [11̄0]f cc ||[100]w whereas
¯ f cc ||(110)w ) or (21̄1)f cc ||(11̄0)w . The
the lattice mismatch is minimized for (011
first parenthesis represent parallel lattice planes while square brackets represent
parallel directions within planes [85]. Using the lattice constants of fcc TiN and
wurtzite structured AlN, the maximum mismatch is ≈ 3.4% with the resulting
volume change by the formation of wurtzite structured AlN being ≈ 19%.
By analysing XRD plots of ion bombarded TiAlN thin films the rate of
decomposition can be observed by determined based on peak locations which
can be used to calculate the composition of decomposed segments. Observation
of lattice locations by use of pole figures can be used to determine whether or
not lattice matching and mutual orientation processes can determine final phase
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orientations or if ion bombardment is the primary orientation mechanism during
spinodal decomposition of thin films during IBAD.
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4

Ion Beam Mechanisms

Ion bombardment during film deposition is commonly used to alter the structure, orientation, and density within thin films through the use of various reactive or inter gasses [86]. This has been shown to improve various physical
properties including packing density and adhesion [87]. Unfortunately, though
some influences of ion bombardment have been researched a full understanding
its mechanisms and its influence on many of the properties and mechanisms
listed in the previous chapter are still unknown making understanding of the
fundamental processes an important topic for the development of IBAD as a
tool for controlling film properties.

4.1

Effect on Morphology

The ability of ion bombardment to impact the morphology of a film is highly
dependent on the ion energy. At low energies films generally exhibit increased
density under ion bombardment as voids are filled due to the compacting of
atoms from the surface due to ion collisions, this has been termed the ”ion
pinning” effect and was first shown in molecular dynamics simulations by K.H.
Muller [88]. As the ion energy increases past a threshold level dependent on
ion mass and flux the film undergoes a reduction in density due to graphitization resulting from the cumulative effect of ion bombardment as opposed to an
increase in void concentration. This has also been used to explain changes in
conductivity in ion irradiated materials [89].
Despite the known influence on morphologies, little research has been done
on the ability for ion bombardment to be utilized in the creation of various
microstructures as made by the manipulation of deposition angle. This makes
ion bombardment not only a potential tool in the scaling of such structured
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materials for applications but also a tool for the potential creation of new ones.

4.1.1

Film Heating

Potentially two mechanisms may be responsible for the influence of ion bombardment on morphology. First the energy transferred to the film by energetic
ions can increase the generalized temperature of the film [90] which is a key component according to the SZM. Martin proposed that the ballistic effects cause an
increase in voids throughout the film which in turn increase the configurational
entropy [91] and induces a rise in temperature equal to

T 0 = T (1 + ∆)

(15)

eB /D
e
∆=D

(16)

where

eB being the
e being the material’s chemical diffusion coefficient and D
with D
e is thermally activated
ballistic chemical diffusion coefficient. Assuming that D
this equation can also be shown to have the dependence

∆ = ∆0 eE∆ /kB T

(17)

E∆ = EDe − EF − Em /2 ≈ Em /2

(18)

where

and EDe , Ef , and Em are the activation energies for chemical diffusion, vacancy
formation, and vacancy migration. As the material’s temperature is increased
the higher the configurational entropy and the lower the impact of individual
ballistic jumps to the overall entropy, thus ∆ is a decreasing function of temperature.
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Though diffusion coefficients for a limited number of materials and bombarding species is known, these formulae are less practical, however they do
show that the overall concentration of vacancies formed from ion bombardment
contributes to an increase in material temperature which can result in changes
in morphology.
Secondly, ballistic effects of ion bombardment may also be related to changes
in grain size. As ions impact films they may rearrange atoms through collisions
resulting in altered nucleation rates and grain sizes. Understanding the relationship between ion bombardment, film heating, and collisional effects may
allow for ion bombardment techniques to be much more effectively utilized in
the improvement of film properties and the creation of microstructures.

4.2

Effect on Stress

Ion bombardment during film deposition can be used to manipulate the residual
stress with ion bombardment induced thermal spikes being the mechanism for
stress generation in IBAD processes [92]. At low ion energies, packing densities
increase and the number of voids decreases. During this, the tensile stress
reaches a maximum which can be reduced by increasing ion energies. However,
continued increases in ion energies results in and increasing level of compressive
stress developing within the film. This relationship between stress and energy
is illustrated in Figure 10. At a critical level the film begins to exhibit cracking
and peeling as the adhesion and stability of the film begins to be affected by
the ions, when this happens a reduction in stress may be observed however the
film becomes unusable for practical applications [93, 94].
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Figure 10: Measured values of residual stress within films due to ion bombardment
[95]

4.3

Effect on Density

Ion bombardment during thin film growth generally causes an increase in film
density due to one of two mechanisms. Increased adatom mobility resulting
from collisional cascades allows for voids to be removed effectively throughout
the film. Additionally, ion bombardment also causes a decrease in crystalline
grain size which allows for a larger packing density of grains increasing the
average density of the film. However, depending on the ion element, at higher
ion bombardment energies density may decrease due to ion implantation within
the film [96].
Molecular dynamics simulations done by Muller have shown that packing
density can be increased from 0.73 of the theoretical value in the absence of ion
bombardment to ≈ 1 for ions bombarding the films angle of 30o , an energy of
50eV, and an ion to metal flux ratio of ≈ 2 [97].
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4.4
4.4.1

Orientation Mechanisms
Channeling Damage

Bradley et al. [23] postulated that texture during film deposition results from
ion channeling. During deposition various grains will form with a random distribution of alignments and ions bombarding the surface of the grains will remove
atoms and influence growth rates. Grains which have open crystallographic
planes in the direction of ion bombardment will allow a greater percentage of
ions to pass through and will incur the least damage thus overgrowing other,
more damaged, grains.
In order to determine the level of ion channeling allowed for a certain crystalline plane the percentage of the crystal that is open and will thus allow for
ions to pass through must be calculated. The nuclear cross section (Sn (E)) is
related to the energy lost per unit path length by

dE/dR = N Sn (E).

(19)

Considering the transfer of energy between two particles colliding

T =

4E0 M1 M2
θ
sin2 ( )
(M1 + M2 )2
2

(20)

the nuclear stopping cross section summed over all impact parameters becomes
Z
Sn (E) =

∞

Z
T dσ =

0

∞

Z
T (E, p)2πpdp = 2πγE

0

0

pmax

θ
sin2 ( )
2

(21)

where
γ = 4M1 M2 /(M1 + M2 )2 .

(22)

Following the formalism of Lindhard et al.[98] (also utilized in calculations
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within the SRIM range tables discussed later) which utilized a reduced coordinate system in which a single curve describes all combinations of classical
atom-atom collisions [99] and accounts for the four classical atom screening
functions
Sn () =



Sn (E)
πa2U γE0

(23)

with  being the reduced energy

 = aU M2 E0 /Z1 Z2 e2 (M1 + M2 ).

(24)

Substitution into equation 31 leads to a more practical equation

Sn (E0 ) =

(8.462x10−15 )Z1 Z2 M1 Sn ()
ev ∗ (atom ∗ cm−2 )−1
(M1 + M2 )Z10.23 + Z20.23

(25)

with a reduced energy being calculated as

=

32.53M2 E0
.
Z1 Z2 (M1 + M2 )(Z10.23 + Z20.23 )

(26)

Comparison to experiments shows two results
for  < 30
Sn () =

ln(1 + 1.1383
2( + .013210.21226 + 0.195930.5 )

(27)

and for  > 30
Sn () = ln()/2.

(28)

Converting the excluded area that is calculated for a given ion-target stopping
cross section into an equivalent nuclear stopping radius gives [100]
s
r=

Sn (E0 )
.
πE0
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(29)

This allows for a calculation of the effective open area which may allow for ions
to channel through. Figure 11 shows the percentage of open area for channeling
as a function of ion energy for different planes within the TiAlN cubic crystal.
This can also be illustrated visually as seen in Figure 12.

Figure 11: Open area calculations for TiAlN channeling showing (100) planes consistantly providing the most free area for ion channeling and (111) providing the least

As the (100) plane is the most open, this should lead to the highest degree of
channeling with the (110) plane having ≈ 10% less open area for and the (111)
plane having the least open area with Ar ion energies less than 60 eV having
no open pathways. Considering the various angles of ion bombardment tested
are 0o , 45o , and 90o and given the angles between the planes within the film
the fiber axis for the film should be (100) for normal (≈ 0o ) ion bombardment,
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Figure 12: Illustration of the open area for channeling in (100), (110), and (111) planes
of an NaCl structured material

(011) for glancing (≈ 90o ) ion bombardment, and (110) for intermediate (≈ 45o )
bombardment. As it is commonly seen, (111) orientation would result from ion
bombardment at 54.7o .
Table 1: Angle between common crystal planes

Angle

(100)

(010)

(001)

(011)

(110)

(111)

(100)

0o

90o

90o

90o

45o

54.7o

(010)

90o

0o

90o

45o

45o

54.7o

(001)

90o

90o

0o

45o

90o

54.7o

(011)

90o

45o

45o

0o

60o

35.3o

(110)

45o

45o

90o

60o

0o

35.3o

(111)

54.7o

54.7o

54.7o

35.3o

35.3o

0o

As the theory of ion channeling is based on crystalline damage anisotropy it
may also be possible that certain crystalline planes are more damage succeptible
than others irregardless of ion channeling. Shown by Tholander et al. the
adsorption energies for different planes in TiAlN vary greatly with the energy
at a bulk site on a (100) surface being -3.25 eV, a (220) surface being -6.98 eV,
and a (111) surface being -9.78 eV. Calculations determining these values were
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done for a single atom on a surface and do not consider attraction to potential
nearest neighbors yet show the possibility that the (111) plane may be the most
damage tolerant [101].

4.4.2

Channeling Energy

Similar to the concept of ion channeling creating a damage anisotropy between misaligned grains, Debrov (1982) [102] postulated that as ions may travel
through planes with aligned channeling directions the energy imparted into these
grains would be less than for misaligned grains. This would create an anisotropy
in the energy imparted into grains and cooler grains would act as recrystallization points for other grains allowing for the film to become generally aligned
along channeling directions during the ion bombardment process.
Experimentally there is no difference in the outcome of these two theories
of channeling alignment being due to damage anisotropy or energy anisotropy
as the final result would be channeling directions aligning in the direction of
ion bombardment, thus making the determination difficult if channeling is the
primary mechanism of orientation during IBAD film growth.

4.5

Current Limitations

Though much has been proposed about the use of ion bombardment in thin film
growth there is still much that can be better understood about both the practical applications and the fundamental mechanisms governing such a technique.
Glancing angle ion bombardment has only been investigated for its effects of
surface smoothing [103] and evidence for ion channeling is confined to stationary depositions [104]. Despite the theory of ion channeling predicting a precise
control of grain orientation based on the ion angle research is lacking for the
angle of ion bombardment as a deposition variable and sample movement dur36

ing IBAD growth, such as rotation, is not discussed in consideration for such
a mechanism. Additionally, effects on morphologies have been limited to the
mentioned discussions on density and have yet to be fully investigated as a tool
for microstructure development. This would demonstrate the need for techniques, such as glancing angle ion bombardment, and for deeper investigations
into mechanisms so that such techniques can be properly harnessed.
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5

Film Deposition and Analysis

5.1

Sputter Deposition Process

Thin films can be fabricated by a variety of different methods, one common
method is direct current (DC) magnetron sputtering, a PVD process. During
the sputter deposition process, the target material to be sputtered is bombarded
with energetic Ar+ ions. The momentum transfer from this ion bombardment
process causes material from the target to be ejected and the ejected, or sputtered, atoms then travel and deposit on the substrate forming the coating. The
sputter deposition process is quite versatile and able to be run under a variety
of conditions which allow for the creation of a broad range of films.

5.1.1

Sputtering Process

A typical sputter chamber is shown in Figure 14. For the sputtering process
to occur a glow discharge plasma must be sustained within range of the target
material. This plasma is defined as a region of a low temperature charge neutral
gas in which a degree of ionization is sustained by the presence of energetic
electrons [105]. The degree of ionization is given by

ω=

Ne
Ni + NA

(30)

where Ne is the electron density, Ni is the ion density, and NA is the gas density.
Both the ion density and electron density are related by Ne = hZiNi where hZi
is the average charge state of the ions. An example of the glow from an Argon
sputter plasma of titanium is shown in Figure 13.
For this process to initialize, the sputter chamber is initially pumped down to
a vacuum of <10−6 Torr and high purity Ar gas is introduced into the chamber.
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Figure 13: Image of the plasma glow seen during magnetron sputtering [106]

As a large negative electrical bias is placed on the target material to be sputtered
any free electrons available will be accelerated away from the target. As they
are accelerated away there is a chance of collision with an Ar gas atom which
may result in the Ar atom losing an electron and becoming ionized. Any Ar+
ions created are then accelerated by the electrical bias into the target material
and as they bombard the target they sputter electrons, metal ions, and neutral
metal atoms from the target material. The free electrons are then accelerated
away from the target and into the plasma where they sustain the plasma and the
sputtering process as long as sufficient argon atoms are ionized. For a plasma
discharge to be sustained the minimum potential is

Vmin =

E0
Γεi εe

(31)

where Γ is the number of secondary electrons per bombarding ions, E0 is the
average energy required for producing ions, εi is the ion collections efficiency,
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and εe is the fraction of ions that is made by a primary electron [105].

Figure 14: Sputter system in the UNH thin films laboratory. On top is seen the sample
stage holder attached to the chamber top. On bottom is seen two 3” sputter guns and
a 1.5” sputter gun along with the ion source on the adjustable track.

The emission of particles from the target material is primarily determined by
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the surface binding energy of the target material, generally in the range of 2-6
eV. The number of target atoms removed per impacting ion, or sputter yield,
is given by [107]

Y =

3.56
Zt Zp
Mp
Mt
E
∗ α(
)Sn (
)
U (Zt2/3 + Zp2/3 )0.5 Mt + Mp
Mp
Etp

(32)

where U is the surface binding energy in eV, Z represents the atomic number
Mt
of the target and projectile atoms, M the atomic mass of the atoms, α( M
)
p

is a function of the masses and the angle of incidence for the projectiles, and
Sn ( EEtp ) is the nuclear cross section in terms of reduced energy [108, 109].
This method of calculating sputter yields is based on Thomas-Fermi method
of atomic interaction to calculate the nuclear stopping cross section and is used
in the SRIM/TRIM 2013 program which uses a Monte Carlo code to simulate
the ion bombardment of materials. However this approach has limitations as
target temperature and surface geometrical considerations, such as roughness,
are not taken into account [99].

5.1.2

Magnetron Sputtering

Magnetron sputtering is used to increase the sputter rate as it allows the electrons used in the plasma process to be captured in the magnetic field lines
surrounding the target, this allows for an increased number of electron-argon
interactions to take place near the target concentrating the plasma at the target surface. The overall effect is an increase in sputter deposition rate of the
material, however this generally means that the sputter process is not evenly
concentrated throughout the target surface resulting in uneven target wear [110].
Most commonly, magnets for magnetron sputtering are placed beneath the
sputter target and arranged as shown in Figure 15. Along magnetic field lines,
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the parallel velocity vk of the electrons is unaffected, however if there is a component of the velocity perpendicular to the magnetic field v⊥ the electron will
orbit the magnetic field line. Ions are generally unaffected by the magnetic field
due to their large mass compared to electrons and can pass through unhindered.
When an electric field is applied perpendicular to the magnetic field lines, the
current density becomes

Figure 15: Illustration of the field lines above a magnetron sputter source, the magnetic
field traps electrons which increasese the probability of gas ionization through collisions
above the source creating a concentrated plasma near the target surface [111]

J⊥ = eNe µe⊥ E⊥ + eNi µi⊥ E⊥

(33)

which flows in the direction of E⊥ and an electron Hall current

JH = ωc /νe Je⊥ = ωc /νe eNe⊥ E⊥
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(34)

will flow in the direction of E × B.

5.1.3

Sputter Deposition Variables

One advantage of magnetron sputtering is the ability to deposit films under
many conditions which allow for increased control of film texture, morphology,
and density. During sputtering, atoms are ejected from the surface with a range
of exit angles and by varying the target size or target to substrate distance the
angular spread of the incident flux to the substrate may be controlled. Sputter
sources may also be positioned to deposit films at varying angles relative to the
substrate which may cause films which normally grow as vertical columns to
begin to exhibit columnar tilt which is discussed more in section 4.11.
Sputter deposition rate can be affected by target to substrate distance, deposition pressure, and target voltage. Pressure is also known to affect film orientation and morphologies during deposition and higher pressures will increase
the probability of sputtered metal atoms being scattered while traveling through
the plasma towards the substrate according to the mean free path within the
chamber
λ= √

RT
2πd2 NA P

(35)

where R is the gas constant, d is the gas species diameter, T is the temperature, P is the pressure, and NA is Avagadro’s number. Target voltage will
change the ejected material’s velocity and energy which can also influence film
growth. Thus, varying the deposition rate of films while maintaining consistent
properties can be difficult.
Magnetron sputtering can be used to deposit many different materials, conducting materials may be deposited with both DC and RF sputtering whereas
electrically insulating materials may only be deposited with RF power sources.
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Magnetic materials interfere with the magnetic field during magnetron sputtering however they may be deposited using traditional sputtering techniques.
In addition to the material being sputtered, reactive gases may be introduced into the chamber allowing for a variety of chemical compositions to be
formed. Often, this requires increased temperatures during depositions to ensure chemical reactions with the added gas. In addition to facilitating chemical
reactions, increased temperatures can also have an additional impact on film
structure, texture, and morphology [112, 113, 114, 115].

5.1.4

Ion Bombardment Process

One of the most useful techniques for controlling film growth during deposition
is to bombard the growing film with energetic ions. Unfortunately, despite the
known ability of ions to influence orientation and morphology the primary commercial use of ion bombardment is in its ability to increase the packing density
of films making this a vastly underutilized technique. By better understanding
mechanisms of ion bombardment and the influence of variables such as ion energy, rate, and angle the properties of films may be better controlled leading to
a broader use and range of applications for films.
Ion bombardment may occur through various techniques including the external generation of ions by use of a dedicated ion source or the attraction of
ions from the sputter plasma via an electrical bias generated on the substrate.
Generally for higher rates or energies of ion bombardment external generation
is favored as high electrical biases have the ability to increase stress within the
crystalline lattice of the film and the number of ions is limited by the available
ions within the sputter plasma [116]. High-Power Impulse Magnetron Sputtering (HiPIMS) may create a large number of ions during deposition, the process
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applying a much larger than normal voltage to the target material for short
pulses during deposition. Such high target voltages increase the impact energy
of ions on the surface of the target drastically increasing the ionization rate of
emitted atoms. The pulsing of the target voltage, for such a process, is required
to prevent overheating due to the large heat spike on the surface of the target
caused by the large energy of the ions [117, 118]. Unfortunately, such high power
pulses currently limit the commercial application of HiPIMS due to the scaling
from research sized units to commercial sized units.
For the highest degree of flexibility ions may be generated by an external
source, this allows for more detailed control over the ion energies and impact
angles without disturbing the sputter deposition process. This also allows for
varying elements to be used as ions as opposed to relying on the ions from
the depositing flux. Geometries of ion sources vary allowing for different beam
outputs. Used in this research is an End Hall type ion source. This type of
ion source produces a high current/low energy diverging beam and is generally
simple to construct, requiring no precise alignment for operation. End Hall
sources generally operate at pressures <1mTorr which makes the use of them
during magnetron sputtering, generally done at a pressure of several milliTorr,
unusual and quite difficult.

5.1.5

Physics of Ion Beams

A general schematic of a gridless ion source is shown in Figure 16. During
operation, source gas is provided through a mass flow controller. Upon stabilization, currents are run through the filament cathode to raise the temperature
to emission temperature. A discharge is then initialized when the anode voltage Va is increased to levels which accelerates electrons towards neutral atoms,
thus ionizing them upon contact [119, 120]. Within the ion source there are
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two mechanisms responsible for ion acceleration, first is the reduced plasma
conductivities across magnetic field lines

σk /σ⊥ = ω/ν 2

(36)

where ω is the electron cyclotron frequency and ν is the electron collision frequency. Generally it is expected that σk > σ⊥ . Due to the source geometry,
the field lines closer to the source anode are more positive in potential. Secondly, balancing the time-averaged force of a non-uniform magnetic field on an
electron in a circular orbit against that of a potential difference in the plasma
shows that
∆Vp = (kTe /e)ln(B/B0 )

(37)

where k is the Boltzmann constant, Te is the electron temperature, e is the
electron charge, and B/B0 is the ratio of the magnetic field strength at two
locations. Emitted ions from an End-Hall source have a mean potential of 60%
of the anode potential in eV with a deviation of about 30% [121].
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Figure 16: Scematic of the Mark I+ ion source

During operation, neutralization of the beam is important. During isolated
operation, the emission of electrons from the cathode provides adequate neutralization of the ion beam, however electric fields generated during magnetron
sputtering often interfere with the ion beam.

5.1.6

Deposition Conditions

The sputter system in the UNH thin films lab is an AJA-2000F tri-beam magnetron sputter system, seen in Figure 17, with two sputter guns using 3 inch
targets and one using a 1.5 inch target. The system allows for variable speed
sample rotation and substrate temperature control during deposition. Flow
rates of reactive gases may be varied and chamber pressure may be controlled
automatically. Sputter gun angles may also be changed independently and substrate to target distance is also a controllable variable. Sputter guns may also be
independently powered by either RF or DC sources. Substrate heating is done
using two installed USHIO 240V-1000W Halogen Lamp bulbs. Additionally a
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Veeco Mark I+ ion source has been installed on an angular track so that the
ion incident angle upon the substrate may be varied.

Figure 17: The AJA 2000F sputter system at the UNH thin films laboratory

Operation of the sputter source and ion source concurrently is highly challenging due to conflicting operation requirements. Ion sources require pressures
of <1mTorr to operate while sputter sources are generally run at several mTorr.
Figure 18 shows the maximum anode voltage for the Mark I+ source at given
flow rates. Samples were generally deposited using a gas flow rate of 17 sccm
and at pressures of 1.3 mTorr, much higher pressure and gas flow than the ion
source can generally operate at. This combined with the interference of the
electric field from the sputter source with the ion gun plasma makes the ion
source highly unstable. To combat this, aluminum vacuum foil was used to help
isolate the ion source plasma from the sputter plasma as well as possible, seen
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in Figure 19. However at higher (>90V) anode voltages the ion source was still
highly unstable making manual corrections during deposition a requirement and
small interruptions in the ion flux unavoidable.

Figure 18: Variation of Anode Voltage with Gas flow for Several Gases in a Veeco
Mark I+ End Hall Ion Source

Figure 19: Image of foil shield placed around the Mark I+ ion source

During film deposition pieces of (100) orientated Si wafers were used and
sizes were kept small so that angular variance from the sputter and ion source
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would be negligible. The sputter gun was ran at a power of 350W and the
substrate holder was rotated with a speed of 50 rpm, other parameters were
varied as needed.

5.2

Experimental Analysis

Film characterization has been performed using methods including x-ray diffraction, atomic force microscopy, scanning electron microscopy, and x-ray photoelectron spectroscopy for the combined purpose of better understanding film
orientation and characteristics. Here, techniques used are discussed along with
the relevant theories of stress analysis done with x-ray diffraction measurements.

5.2.1

Atomic Force Microscopy and Nano-Indentation

Atomic force microscopy (AFM) is a microscope in which a vibrating probe is
scanned along a material’s surface. In tapping mode, the probe’s vibration is
influenced by interactions between it and the surface. While manipulating the
height while measuring the amplitude of vibration the film’s topography can
be determined. The advantages of AFM measurements is that exact heights
and differences can be determined which can be used for the determination of
surface roughness. However, sharp steps can be problematic causing the probe
to seemingly “skip” along the surface interrupting the image collection process.
Additionally the exposure to air and the transfer from sputter chamber to AFM
staging allows for surface oxidation and contamination which, depending on the
resolution required, may make imaging interpretation difficult.
Nanoindentation, which is done using a modified AFM, is used to measure
hardness of thin materials. The measurement is done by indenting the material
with a small trigonal pyramidal tipped probe which is pressed onto the material
surface via a known applied force. As the probe geometry is known and the
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force controlled by the user, the material hardness is thus
hmax
A(hc )

H=

(38)

where h is the measured depth of the probe, A is the tip area in contact with the
surface as a function of depth, and Fmax is the maximum force applied during
the indent. Measurements were taken using a Digital Instruments Dimension
3000 scanning probe microscope with a Hysitron Triboscope Nano-mechanical
Test System.

5.2.2

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to measure film composition.
XPS functions by bombarding the surface of a material with x-rays. The energy
from the x-rays allows electrons from the top few nanometers of the material to
be ejected, the energy and quantity of the electrons can be measured and can
be used to determine film composition.
Generally, films form a thin oxide layer on the surface upon being removed
from the sputter system which requires etching before XPS can be performed.
Ion bombardment is used to clean the surface and care must be taken to ensure
that only the oxide layer is removed as “trenching” too deep into the film can
influence the reading due to etch rate anisotropies of elements within the film.
Measurements were taken using a Kratos Axis HS XPS system at UNH.

5.2.3

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a microscope which operates by raster
scanning a beam of electrons over a surface and measuring the emission of
secondary electrons from the material. This produces a direct image of the
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sample surface with a resolution of a few nm and it is a powerful tool to observe
surface structure and cross sections of thin films.
As mentioned, the detection of secondary electrons provides a qualitative
measure of film conductivity. Additionally the backscatter detector measured
the number of electrons reflected from the surface of the sample via collisions
between the electron and nucleus. This mode which is less reliant on material
conductivity and more reliant on nuclear radii is useful in determining composition location within a material.
The disadvantage of SEM work is the reliance on film conductivity, not only
for producing images in the secondary electron detection mode, but also to
prevent sample charging during analysis. Due to the high number of electrons
bombarding the sample an electric charge on the surface can quickly build for
non-conductive materials. This charge can interfere with the trajectory of emitted electrons and can warp the image, additionally the impact of electrons on
the surface can heat materials with low thermal conductivities causing damage to susceptible materials. SEM analysis was performed on a Tescan Lyria
microscope at UNH laboratories.

5.2.4

X-Ray Diffraction

X-ray diffraction (XRD) is a useful tool in determining the structure and orientation of crystalline materials. X-rays are generated by heating a filament until
it reaches its emission temperature, then the emitted electrons are accelerated
towards a copper plate( though other metals may be used) which is held at
ground potential. During the interaction with the accelerated electrons and the
copper atoms low energy electrons are excited and upon decaying emit Kα energy x-rays with a wavelength of 0.154nm. The x-rays are then collimated and
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directed at the material surface, reflected x-rays are then counted as a function
of diffracting angle.
X-ray diffraction was performed using both a traditional x-ray diffraction
system (Shimadzu Lab-X XRD-6100) which collects patterns from crystalline
planes parallel to the substrate surface and an area detection system (Bruker
AXS) which can collect scans from planes at various angles relative to the surface. Patterns gathered by the Bruker system were processed and analysed
using the GADDS system while patterns gathered by the Shimadzu system
were processed and analysed using the MDI Jade software.
X-Ray diffraction detects the intensity of x-rays reflected from the surface
of a material as a function of reflection angle 2θ. From the measured intensity
the distance between the planes can be determined according to Bragg’s law
and the lattice constant of the material can be determined. Traditional x-ray
detection measures reflected x-rays from planes parallel to the substrate. When
films begin to exhibit a strong degree of arrangement, or texture, crystalline
planes may no longer align parallel to the substrate and x-ray area detection
becomes important.
During x-ray area detection, off axis planes may be detected as illustrated
in Figure 20 with an example output shown in Figure 21. Collection of xrays is determined by the position of the sample relative to the incoming and
outgoing x-rays which is determined by the sample rotation angles ω, χ, φ, an
image illustrating the layout of the system and the various angles is shown in
Figure 22.
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Figure 20: Illustration of area detector (gray ellipse) collecting diffraction vectors from
off normal planes.

Figure 21: Example output seen from an x-ray area detection system showing both
on and off axis planes and their respective locations
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Figure 22: Illustration of measurement andlges used during off axis collection of
diffracted x-rays

Unless the sample is rotated during analysis a single image taken in an area
detection system corresponds to a single value of φ (rotation around substrate
normal). Since many highly textured samples exhibit a high degree of alignment it becomes necessary to take multiple images at various angles of φ which
combined together can give a complete picture of all locations of a single plane
within a film referred to as a pole figure seen in Figure 23. 1 .
1 Though

Figure 21 contains peaks for (111), (200), and (220) planes and system limitations
along with controlling software restrictions make pole figures for (220) and higher angle planes
not possible
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Figure 23: Example pole Figure showing a material which exhibits (111) fiber axis
orientation along with a rotationally symmetric distribution of (200) planes

5.2.5

Stress Measurement

As thin films are generally polycrystalline the measurement of stress within thin
films is a study of the average of stresses over many grains. Though there may
be a difference between the average and the stress within a particular grain, the
grains are often too small to make accurate measurements.
Discussion of x-ray diffraction often begins with Bragg’s Law, illustrated in
Figure 24, which relates the wavelength of the incoming photons (λ ) to the
lattice spacing (d) and the diffraction angle (θ)

Figure 24: Illustration of Bragg’s Law where constructive interference is determined
by the wavelength and the distance between planes which may be altered due to stress
wihin a material [122]
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λ = 2dhkl sin(θhkl ),

(39)

as the wavelength and angle are known quantities it is then simple to calculate
the lattice spacing. Strain within the lattice will cause the spacing between
planes to shift from the relaxed position to a new position and thus the elastic
strain of the planes is defined as

hkl =

(dhkl − dhkl
0 )
.
hkl
d0

(40)

For a polycrystalline film it is important to remember that a diffraction line will
only appear for hkl planes perpendicular to the diffraction vector and that if the
strain within the sample is not symmetric there will be an angular dependence
upon the measured value, eg. stress perpendicular to a specific set of hkl planes
will compress/stretch them whereas stress parallel to said planes will have no
effect.
Likewise, measurement of stress is done along the direction of x-ray diffraction and thus it is important to define crystal and laboratory frames of reference
which are illustrated in 25.
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Figure 25: Illustration of the relation between coordinates of specimen system (Si )
and laboratory system (Li ) [123]

The reference frame of the crystal system is defined as having S3 as normal
to the crystal surface with S1 and S2 being in the plane of the film. In the
laboratory system, L3 is the vector along the direction of diffraction. These two
systems are connected as having ψ being the angle between S3 and L3 and φ
being the angle of rotation of S2 and S1 about S3 .
Isotropy in Films
In general individual crystals are not elastically isotropic, however a polycrystalline material can be macroscopically elastically isotropic if the grains
within the material are orientated randomly, lacking in texture. Most films
though, exhibit strong texture especially in the presence of ion beam bombardment during deposition and thus the films can be elastically anisotropic.
For all films, mechanical stress begins with Hooke’s law which relates the
mechanical strain  to the mechanical stress σ

ij = Sijkl σkl
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(41)

where Sijkl is the compliance tensor. For isotropic films, symmetries reduce the
compliance tensor and the only independent components are

S1 = −ν/E

(42)

and
S2 =

2(1 + ν)
E

(43)

where E is the elastic modulus and ν is Poisson’s ratio. Hooke’s law then reads
as
1
ij = Sijkl σkl = [S1 δij δkl + S2 (δik δjl + δil δjk )]σkl .
4

(44)

As x-ray data can only be collected along the direction of diffraction (L3 in
our coordinate system) the strain measured in the laboratory is equal to

L
hkl
φψ = 33 .

(45)

Transformation of the coordinate system into the laboratory reference frame
uses the transformation matrix alab
ij

alab
ij =

cos(φ)cos(ψ)

sin(φ)cos(ψ)

−sin(ψ)

−sin(φ)

cos(φ)

0

cos(φ)sin(ψ) sin(φ)sin(ψ)

(46)

cos(ψ)

and thus in the laboratory frame the strain tensor reads

s
hkl
φψ = a3i a3j ij

=

1
s
s
s
S2 sin2 ψ[σ11
cos2 φ + σ12
sin2φ + σ22
sin2 φ]
2
1
s
s
s
+ S2 [σ13
cosφsin2ψ + σ23
sinφsin2φ + σ33
cos2 ψ]
2
s
s
s
+S1 [σ11
+ σ22
+ σ33
]
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(47)

which is the general equation for measuring stress in an elastically isotropic
specimen. Further generalizations can occur in samples where there is certain
symmetries within the stress.
Biaxial Stress
As thin film coatings are unconstrained in the direction normal to the surface of the substrate (assuming flat substrates) the stress within them is most
commonly biaxial. Biaxial stress in thin films is stress within the xy plane
(though a stressed biaxial state in the xz or yz planes is theoretically possible it
does not exist in practical applications). Thus the non-zero stress components
s
s
s
in equation (47) are σ11
, σ22
, and σ12
. Equation (47) then becomes

hkl
φψ

1
s
s
s
S2 sin2 ψ[σ11
cos2 φ + σ12
sin2φ + σ22
sin2 φ]
2

=

s
s
+S1 [σ11
+ σ22
].

(48)

s
s
s
As there are three unknown values ( σ11
, σ22
, and σ12
), three equations are

required and the general approach is to collect data for φ = 00 , φ = 450 , and
φ = 900 which results in
1
s
s
S2 φs11 sin2 ψ + S1 [σ11
+ σ22
]
2

(49)

s
σ s + σ22
1
s
s
s
S2 ( 11
+ σ12
)sin2 ψ + S1 [σ11
+ σ22
]
2
2

(50)

1
s
s
S2 φs22 sin2 ψ + S1 [σ11
+ σ22
].
2

(51)

hkl
00 ψ =

hkl
450 ψ =

hkl
900 ψ =

Once data is gathered, determining stress from these equations is fairly
s
straightforward. Most often σ12
is taken to be zero and the strain-stress re-
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lation thus becomes

hkl
φψ =

1
s
s
s
s
S2 [σ11
cos2 φ + σ22
sin2 φ]sin2 ψ + S1 [σ11
+ σ22
].
2

(52)

Determination of stress is then possible with two measurements at φ = 00 and
φ = 900 which results in equations (49) and (51). It is then possible to measure
the lattice strain at several angles of ψ for each case and the two plots of 
s
s
vs. sin2 ψ give linear relationships and σ11
and σ22
are then determined by the

slopes. This is commonly referred to as the sin2 method.
If the stress is rotationally symmetric the only non zero components of the
s
s
stress tensor are σ11
= σ22
= σ s and the sin2 method only requires one plot

1
s
2
hkl
ψ = σ (2S1 + S2 sin ψ).
2

(53)

Measuring the strain at several angles of ψ and plotting the strain as a function
of sin2 ψ results in a plot where the stress can be determined from the slope.
Films with Fibrous Texture

For films which are macroscopically elastically anistrotropic with strong texture, it is possible to measure stress within films using the crystallite group
method where crysallites within the film exhibiting the same orientation are
treated as a group with equal stress levels [123]. The first assumption for this
method is that the crystallites in a film are all treated as having one plane parallel to the substrate but are otherwise randomly orientated. In this method
the plane parallel to the substrate is the mnr plane while the plane in the
φ = 00 direction is the huvwi plane. The second assumption is that σ11 = σ22
and σ33 = 0. Following these assumptions it is possible to derive from (47)
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equations for stress for highly textured orientations for h111i
2
1
111 = [2s12 + s0 + s44 sin2 ψ]σ11
3
2

(54)

1
1
100 = [2s12 + s0 + ( s44 + K ∗ s0 )sin2 ψ]σ11
2
2

(55)

K = α32 (α32 − α12 ) + β32 (β32 − β12 ) + γ32 (γ32 − γ12 )

(56)

for h100i

where

and




α
1




1
 β = √
 1 
2
u + v 2 + w2


γ1





u




 v 




w




 α3 


1
 β = √
 3 
2 + n2 + r 2
m


γ3
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(57)
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(58)

6

Results for Glancing Angle Ion Beam Assisted
Deposition

Glancing angle ion bombardment during thin film deposition is a little studied
technique for thin film deposition. L. S. Yu [104] studied the effects of 20o
ion bombardment using 200 eV Ar+ on bcc Nb thin films and noted that the
film exhibited a (110) orientation with a slight fiber axis tilt towards the ion
source and with a preferred azimuthal orientation. The conclusion was that
ion channelling was the mechanism for orientation development. However, film
orientation without ion bombardment was also (110), albeit without fiber axis
and with a random azimuthal orientation. Hence, the resulting (110) orientation
during IBAD may not necessarily been due to ion bombardment.
In addition to this work K.C. Ruth and S.A. Barnett studied the effect of
glancing angle ion assisted deposition of ZnO thin films. The study showed that
surface roughness decreased from 18 to 3.5nm for films on glass and from 11 to
0.5nm for films on sapphire. They also reported increased film density and no
change in residual stress from glancing angle ion bombardment. However, no
discussion on the resulting orientation or mechanisms governing glancing angle
ion bombardment were made [103].
Outside of these studies no research into glancing angle ion bombardment
during thin film deposition has been made. This leads to many variables which
have not been studied in relation to glancing angle ion bombardment including
sample rotation and ion energy. Both of which are known to influence film
orientation and morphology.
Due to the wide variety of documented research surrounding TiAlN there
exists a strong understanding of resulting orientations, morphologies, and phases
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with respect to deposition conditions, making it a good candidate for research
into the mechanisms of glancing angle ion bombardment. It would also be the
first attempt to study of the effects of glancing angle ion bombardment on an
NaCl structured film.

6.1

TiAlN

Thin films of TiAlN have been deposited using glancing angle ion bombardment
assisted sputter deposition with the goal of better understanding the growth
mechanisms which control the development of orientation within ion bombarded
thin films. Films have been deposited in the system described in chapter 3.3 with
titanium and aluminum being sputter deposited from a single 3.5 inch T i50 Al50
source manufactured by Plansee inc. in an Ar and N2 mixture. 12.5 sccm
(standard cubic centimeter per minute) of argon gas and 3.5 sccm of nitrogen
was injected through the sputter source while 17 sccm of Ar was injected through
the ion source leading to an Ar/N2 ratio of 29.5/3.5. The sputter gun was held
at a constant power of 350 watts while a 50 volt bias was held constant on the
substrate holder in order to both accelerate ions and allow for the measurement
of the ion current. For rotated samples, substrate rotation was constant at≈
0.5 rotations per second. Except where noted, substrate temperature was also
held constant during deposition at 450o C.
The ion source was operated at a constant flow rate while varying the anode
voltage to control the quantity and energy of ions. As the average exit energy
of an ion from the ion source is 60% of the anode voltage the total ion energy
was a result of both the anode voltage and the acceleration due to the substrate
bias. The cathode (filament) current was also varied to ensure the ion source
plasma would be stable.
Film composition was determined by x-ray photoelectron spectroscopy anal64

ysis and all films were determined to have a composition of 27 ± 3% titanium,
26 ± 3% aluminum, and 46 ± 3% nitrogen.

6.2

Deposited Samples

For deposited samples ion energy was determined based on the anode voltage
and electrical bias during deposition. Additionally, ion to metal flux ratio was
determined based on bias current readings and film thicknesses. SEM measurements were used to determine film thicknesses with metal flux rates determined
using thicknesses with atom loss corrections made using determined ion etch
rates.
Table 2: Glancing angle ion bombardment samples

Sample

Rotation

Ion Energy

Ion to Metal Flux Ratio

GR1

Rotated

86

0.535

GR2

Rotated

91

0.687

GR3

Rotated

101

0.837

GR4

Rotated

107

0.993

GR5

Rotated

116

1.15

GS1

Stationary

88

0.535

GS2

Stationary

93

0.687

GS3

Stationary

102

0.840

GS4

Stationary

110

0.993

GS5

Stationary

115

1.15
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6.3

X-Ray Diffraction

Figure 26 shows the XRD plots of samples deposited using glancing angle ion
bombardment while the substrate was rotated during deposition. Figure 27
shows XRD plots for samples deposited on stationary substrates.

Figure 26: Rotated glancing angle ion bombardment XRD plots, samples are a) GR1
b) GR2 c) GR3 d)GR4 e) GR5
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Figure 27: Stationary glancing angle ion bombardment XRD plots, samples are a)
GS1 b) GS2 c) GS3 d) GS4 e) GS5

For samples rotated about substrate normal during deposition a (220) fiber
axis orientation (where grains align such that (220) planes are parallel to the
substrate surface) develops when the energy and rate of ions is low. This is an
unusual orientation for TiAlN films to develop and low energy glancing angle ion
bombardment appears effective in creating films with that orientation. As the
rate and energy of ions increases the orientation undergoes a shift to (111) fiber
texture. Trace amounts of (200) orientated grains appear in film exhibiting (111)
orientation, however the overwhelming majority of the films can be classified as
having (111) orientation. At higher levels of ion bombardment satellite peaks
appear providing evidence for spinodal decomposition taking place due to ion
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bombardment. It is important to note that for samples GR5, GS4, and GS5
small peaks at 2θ ≈ 60o appear, however this is due to irregularities in the
background subtraction routine as opposed to peaks caused by the film.
Samples which were held stationary during deposition exhibit a similar transition from (220) orientation to (111) orientation however at the lowest level of
ion bombardment the sample, GS1, exhibited a random degree of orientation
with a degree of decomposition within the film. Notably the (220) peak does
not completely disappear even at higher levels of ion bombardment indicating
a degree of randomness within the film’s orientation though the majority of the
grains exhibit (111) orientation.

6.3.1

Peak Analysis and Spinodal Decomposition

As determined by Rafaja et al., the quantity of Ti and Al within TiAlN can
be determined by knowing the 2θ value of the (111) peak. This allows for a
determination of how much decomposition has taken place within the metastable
TiAlN film based on peak locations which have been determined using the Fityk
data processing software which de-convolutes asymmetrical peaks and locates
peak positions with an example output shown in Figure 28. The x value in
T i1−x Alx N is plotted in Figure 29.
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Figure 28: Example peak analysis output using fityk where peak deconvolution and
location determine the level of decomposition

Figure 29: Level of spinodal decomposition of TiAlN deposited using glancing angle
ion bombardment, increasing levels of ion bombardment are shown to accelerate the
decomposition process

Initial composition of films, x = 0.53 for rotated samples and x = 0.67
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for stationary samples, are high compared to the measured composition of film
which should result in x = 0.5. As the peaks measured should have been
titanium rich peaks this seems contradictory. However considering the strength
of the (220) peak and the relative weakness of the (111) peak for such samples
it appears that this may be uncertainties with the peak location process for
weak peaks, however the general trend does indicate that ion bombardment
accelerates the decomposition process within films.
Looking at a typical output form the GADDS x-ray, seen in Figure 30 area
detection system shows additional peaks off axis which are clearly not cubic, this
may be due to hexagonal AlN or additional forms of TiAl forming within the
film being that only 45 % of the film is nitrogen instead of the expected 50 % for
Ti0.5 Al0.5 N. Due to ion beam induced surface sputtering it may also be expected
that concentrations of Ti and Al would be altered due to differences in sputter
yields, however XPS results showed that Ti and Al ratios were unchanged as
ion energy and rates changed. Unfortunately the weakness of the peak and
a lack of additional peaks makes identification difficult, still there is evidence
for advanced decomposition and additional phases within films deposited using
IBAD techniques.
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Figure 30: XRD area scans showing minor peaks in addition to the strong cubic peaks
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6.4

Pole Figure Analysis

(111) and (220) pole figures for rotated and stationary samples are shown in
figures 31 and 32. Rotated samples show a random azimuthal distribution of
grains while orientation shifts from (220) orientation to (111) orientation as seen
in XRD results2 . Pole figures reveal that for (111) orientated films as the rate
and energy of ion bombardment increases the films become much more strongly
textured.
Stationary samples show that at the lowest level of ion bombardment (220)
orientation develops with a slight fiber axis tilt away from the ion source explaining the mixed random orientation in XRD imaging. At higher levels of ion
bombardment pole figures show what appear to be multiple competing textures.
However, based on XRD results along with results from samples rotated during
deposition this is believed to be (111) orientation which has a fiber axis tilt due
to a small inherent misalignment of the ion source within the sputter chamber.
2 Though (220) pole figures are not possible due to system limitations (220) fiber axis
orientation was confirmed using individual area scans as seen in Figure 33
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Figure 31: Rotated glancing angle ion bombardment pole figure plots for (111) and
(200) orientations, samples are a)GR1 b)GR2 c)GR3 d)GR4 e)GFR5
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Figure 32: Stationary glancing angle ion bombardment pole figure plots for (111) and
(200) orientations, sampless are a)GS1 b)GS2 c)GS3 d)GS4 e)GS5
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Figure 33: Area XRD scan for film exhibiting (220) orientation, though system limitations preven the creatoin of (220) pole figures area scans confirm fiber axis orientation

6.5

SEM Imaging

Cross sectional SEM images of samples rotated during glancing angle ion beam
assisted sputter deposition, seen in Figure 34, show a transition between microstructures as the rate of ion bombardment is increased. At low levels of ion
bombardment the film appears to be near amorphous, filled with small voids
which is characteristic of Z1 growth according to the structure zone model. As
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the rate of ion bombardment is increased the film exhibits thin columnar grains
normal to the substrate plane which is characteristic of ZT growth. Comparing
the SEM images to the XRD images shows that the change in microstructures
seem to correspond to a change in film orientation.
Cross sectional images of stationary samples were taken along the direction of
ion bombardment (90o from the direction of sputter bombardment) and are seen
in Figure 35. At low levels of ion bombardment significant grain tilt towards the
sputter source is seen with angles in agreement with the tangent rule of sputter
deposition while higher levels of ion bombardment result in grain tilt reduction.
Morphology is similar to rotated samples with near amorphous grains with small
voids at lower levels indicative of Z1 growth and a transition to ZT growth as
the rate of ion bombardment increases. TEM imaging was performed on films
deposited under conditions similar to GR1 and GR4 to confirm morphologies
using a Zeiss Leo 922 system operating at 120kV with results seen in Figure 36.
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Figure 34: SEM cross sectional images for samples rotated during glancing angle ion
bombardment sputter deposition. Samples are a)GR1 b)GR2 c)GR3 d)GR4 e)GFR5
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Figure 35: SEM cross sectional images for samples held stationar glancing angle ion
bombardment. Samples are a)GS1 b)GS2 c)GS3 d)GS4 e)GS5
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Figure 36: TEM imaging of (220)/Z1 film and (111)/ZT film confirming microstructure
seen in SEM imaging

6.5.1

Thickness

Film thicknesses have been determined from analysis of SEM images. Results,
seen in Figure 37, show that as the rate of ion bombardment increases a decrease
of thickness is evident. As deposition rates may vary due to target wear and
other factors, samples were made in succession to ensure the change in thickness
can be attributed to surface sputtering due to ion bombardment. As the theory
of ion channeling is reliant on crystalline damage and surface sputtering this
would indicate that the conditions are met for ion channeling to be an influence
on film orientation, however the resulting orientation of (111) does not match
with predicted results.
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Figure 37: Thicknesses of films deposited using glancing angle ion bombardment and
determined by SEM analysis

6.6

Stress

Stress within films rotated during deposition has also been determined using the
sin2 Ψ method. Generally, ion bombardment causes an increase in the residual
stress of the films due to atomic peening [124]. However, Ruthe and Barnett
[103] showed that films of ZnO deposited using glancing angle ion bombardment
showed little change in the levels of residual stress.
Residual stress has been investigated as a potential cause of film orientation
as it is believed planes would align such that the strain within the film energy
would be minimized. Results seen in Figure 38 show that there appears to be no
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relationship between film orientation and residual stress for samples deposited
using glancing angle ion bombardment. It is notable that measured stress levels
become reduced as the rate of ion bombardment increases, however at a critical
level the stress once again increases, this is in agreement with visual observations
which show smooth films becoming cracked near the edges at high energies and
rates of ion bombardment.

Figure 38: Residual stress levels for rotated glancing angle ion bombarded samples
with corresponding (111) pole figures
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6.7

Multi-Orientated Layered Film

To determine how effective glancing angle ion bombardment is in controlling film
orientation and how useful the technique would be for practical applications two
films were made while alternating the energy and rate of ions bombarding the
film between conditions matching samples GR1 and GR4, or between conditions
shown to result in Z1/(220) orientated growth and ZT/(111) orientated growh.
This also allows for a better understanding of film orientations in the presence
of epitaxial influences.
SEM analysis of films, seen in Figure 39, show layers with alternating characteristics of Z1 and ZT growth as the energy and rate of ions is lower and
higher respectively while XRD analysis, seen in Figure 40 show that both (111)
and (220) fiber axis orientations are present. This indicates that glancing angle
ion bombardment can be used to create films of TiAlN with alternating orientations and morphologies while also demonstrating that the ion beam effect is not
limited by epitaxial influences as both (111) and (220) orientations have been
shown that they can be grown on top of each other during glancing angle ion
bombardment assisted sputter deposition.

Figure 39: SEM imaging of films with ion bombardment rates changed in-situ a) ion
rates and energies changed from 0.535/86 eV to 0.993107eV and b) ion rates and
energies changed from 0.535/107eV to 0.993/86 eV arrows are placed to highliht the
location of the change
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Figure 40: XRD plot of films with ion bombardment rates changed in-situ a)ion rates
and energies changed from 0.535/ 86 eV to 0.993 /107eV and b) ion rates and energies
changed from 0.993/ 107eV to 0.535/ 86 eV
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7

Results for 45 Degree and Normal Incidence
Ion Bombardment

In addition to work studying glancing angle ion bombardment, comparison to
more common ion bombardment angles, 45o and normal (0o ) incidence, is required to gain a more complete understanding of the mechanisms behind texture
evolution in the ion bombarded assisted deposition of thin films. Films have been
deposited under the same conditions as films deposited using glancing angle ion
bombardment and studied using scanning electron microscopy, x-ray diffraction,
and pole figure analysis to determine the film orientation, microstructure and
texture in order to better understand how varying the angle of ion bombardment
may effect the growth of thin films.
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7.1

Deposited Samples
Table 3: 45o and normal incidence ion bombardment samples

Sample

Angle

Rotation

Ion Energy

Ion to Metal Flux Ratio

FR1

45o

Rotated

85

0.439

FR2

45o

Rotated

93

0.567

FR3

45o

Rotated

100

0.693

FR4

45o

Rotated

110

0.832

FR5

45o

Rotated

120

0.932

FS1

45o

Stationary

86

0.512

FS2

45o

Stationary

93

0.667

FS3

45o

Stationary

103

0.815

FS4

45o

Stationary

107

0.964

FS5

45o

Stationary

113

1.11

NR1

0o (normal)

Rotated

90

0.570

NR2

0o (normal)

Rotated

95

0.709

NR3

0o (normal)

Rotated

103

0.866

NR4

0o (normal)

Rotated

107

1.01

NR5

0o (normal)

Rotated

111

1.14

NS1

0o (normal)

Stationary

90

0.802

NS2

0o (normal)

Stationary

95

1.03

NS3

0o (normal)

Stationary

100

1.26

NS4

0o (normal)

Stationary

106

1.49

NS5

0o (normal)

Stationary

111

1.72
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7.2

X-Ray Diffraction

XRD plots of samples bombarded with ions at 45o and normal incidence during deposition while rotated and stationary are shown in figures 41 and 42.
The observed orientation of samples indicate that during normal incidence ion
bombardment the (111) plane always forms parallel to the substrate, though
for stationary samples the (111) texture is weak compared to rotated samples
which may be due to fiber axis tilt as in the case of stationary glancing angle ion
bombardment. Samples which have been rotated during film deposition show a
surprising reduction in texture at the highest levels of ion bombardment which
is indicative that the film is either developing a degree of tilted orientation or
that the film is developing such a high degree of damage due to atomic peening
that the crystal structure is beginning to break down.
Samples which have been deposited using 45o ion bombardment (relative
to surface normal) and rotated show (220) orientation at lowest levels of ion
bombardment (E = 86eV, ji /jm = 0.439), similar to results seen using glancing angle ion bombardment, though film orientation shifts to (111) at a lower
rate of ion bombardment when compared to glancing angle ion bombardment.
Stationary samples show no development of (220) orientation, even though ion
energy is the same for the equivalent rotated samples exhibiting (220) orientation. Peaks for titanium rich and aluminium rich segments in stationary samples
have height ratios quite different than for other deposition conditions possibly
indicating that the fiber axis tilt for titanium and aluminium rich segments are
different possibly due to the difference in melting points which according to [57]
impacts the degree of fiber axis tilt.
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Figure 41: 45o ion bombarded XRD plots, samples are left a)FR1 b)FR2 c)FR3 d)
FR4 e)FR5. and right, a)FS1 b)FS2 c)FS3 d)FS4 e)FS5

Figure 42: Normal incidence XRD plots, samples are left a)NR1 b)NR2 c)NR3 d)NR4
e)NR5 and right, a)NS1 b)NS2 c)NS3 d)NS4 e)NS5

7.3

Pole Figure Analysis

Pole figures for samples deposited using 45 degree incidence ion bombardment
during deposition are shown in figures 44 and 45. Rotated samples show (220)
orientation for sample FR1 with a shift to (111) orientation at higher levels of ion
bombardment in agreement with results from XRD. Stationary samples show
(111) fiber axis orientation with a significant degree of fiber axis tilt towards
the ion source. Biaxial alignment is also seen in stationary samples with a
small degree of bimodal growth, Figure 43 shows the corresponding (111) plane
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positions for pole figure intensities.

Figure 43: Illustration of bimodal growth seen and coorelations between grain orientation directions and peaks seen in (220) pole figures

Pole figures for samples deposited under normal incidence ion bombardment
are shown in figures 46 and 47. Rotated samples show a strong (111) fiber
axis orientation with a random azimuthal orientation of the grains, a slight
fiber axis tilt may be seen in samples undergoing a higher degree of ion bombardment which may be due to high levels of stress within the films as the film
rotation should eliminate grain tilt. Stationary samples show highly tilted (111)
orientation in the direction of the ion source which is 90o from the direction of
sputtering. Some additional in plane bimodal growth may be evident with as
seen in samples deposited with 45o ion bombardment indicating that either the
ion source was aimed slightly off from substrate normal or that the spread of
ions leaving the ion source allow them to impact the surface at some small angle
from substrate normal.
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Figure 44: Rotated 45o pole figure plots for (111) and (200) planes, samples are a)FR1
b)FR2 c)FR3 d)FR4 e)FR5
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Figure 45: Stationary 45o pole figure plots for (111) and (200) planes, samples are
a)FS1 b)FS2 c)FS3 d)FS4 e)FS5
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Figure 46: Rotated normal incidence pole figure plots for (111) and (200) planes,
samples are a)NR1 b)NR2 c)NR3 d)NR4 e)NR5
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Figure 47: Stationary normal incidence pole figure plots for (111) and (200) planes,
samples are a)NS1 b)NS2 c)NS3 d)NS4 e)NS5

7.4

SEM imaging

Cross sectional SEM images are shown in Figure 49 for rotated samples and
Figure 50 for stationary samples where scans were taken 90o from the plane
of deposition for stationary samples. Samples which have been rotated during
deposition show Z1 type growth for the lowest level of ion bombardment, sample
FR1, for which sample the orientation is (220). As the rate and energy of
ion bombardment is increased the morphology shifts to ZT growth and the
orientation becomes (111) dominant which is the same relationship between the
orientation and morphology seen in glancing angle ion bombardment.
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Stationary samples exhibit grain tilt towards the sputter source as expected
from the tangent rule of deposition. At higher levels of ion bombardment,
however, significant grain tilt reduction is observed causing columnar grains
grow normal to the substrate indicating that IBAD can be a useful tool in
controlling grain tilt. Samples have also been imaged 90o from the direction
of ion bombardment and, as seen in a typical image in Figure 48, no grain tilt
towards or away from the ion source is seen indicating that grain tilt is indeed
reduced and not simply re-aligned due to ion bombardment.

Figure 48: SEM cross section of a sample bombarded with ions at 45 degrees relative
to normal at a rate of ji /jm = 1.13 and an ion energy of 107 eV, images are taken A)
90 degrees from sputtering direction and B) 90 degrees relative to the direction of ion
bombardment. Grains neither tilt towards the sputter source or ion source

Samples deposited with ion bombardment normal to the surface exhibit ZT
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growth with thin columnar grains growing normal to the substrate as seen in
Figures 51 and 52. Sample morphology seems unaffected by rotation during
deposition during normal ion bombardment. As with other angles of ion bombardment, ZT growth, corresponding with thin columnar grains, correlates to
the development of (111) fiber axis orientation of TiAlN.
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Figure 49: 45o rotated ion bombarded sample cross sectional SEM images, samples
are a)FR1 b)FR2 c)FR3 d)FR4 e)FR5

95

Figure 50: 45o stationary ion bombarded sample cross sectional SEM images, images
taken 90o from sputter direction, samples are a)FS1 b)FS2 c)FS3 d)FS4 e)FS5
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Figure 51: Normal incidence rotated ion bombarded sample cross sectional SEM images, samples are a)NR1 b)NR2 c)NR3 d)NR4 e)NR5
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Figure 52: Normal incidence stationary ion bombarded sample cross sectional SEM
images, images taken 90o from sputter direction, samples are a)NS1 b)NS2 c)NS3
d)NS4 e)NS5
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7.5

Discussion of Investigated Angles

Comparing the results of glancing angle, 45o , and normal incidence ion bombardment it is clear that the angle of incidence can greatly effect resulting film
morphology and orientation as the threshold of orientation and morphology
transition from (220)/Z1 to (111)/ZT is lower for glancing angle ion bombardment than for 45o ion bombardment while not being seen for normal incidence
ion bombardment. Though ion angle influenced would normally be expected
for ion channeling mechanisms the lack of influence from film rotation on out
of plane alignment would contradict that highlighting a need for more thorough
understanding of mechanisms in ion beam assisted deposition of films which is
discussed in the following chapter.
Still, despite this need, many useful results are seen illustrating the use of
varied angle ion bombardment as a deposition technique. Due to the anisotropic
nature of crystalline films based on orientation, the ability of ion bombardment
to change film structure in-situ may allow for the development of a variety of microstructured layered films taking advantage of such anisotropies. As columnar
tilt has already been shown to be useful in creating a variety of microstructures
the ability to control in-plane orientation independent of that may be of further
use in designing films for future applications.
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8

Discussion of Ion Bombardment Mechanisms

Previous sections discussed the various mechanisms which can influence thin
film growth and orientation both with and without ion bombardment including, strain energy reduction, surface energy minimization, epitaxial influences,
ion channeling damage, and ion channeling energy dissipation. Though these
mechanisms have been extensively studied they are not generally done in relation to each other over a broad range of conditions, thus a complete picture of
orientation mechanisms is still lacking. By investigating the influences in angled
ion bombardment on orientation while investigating all proposed mechanisms for
orientation, the results presented will allow for a more thorough understanding
of the mechanisms guiding IBAD film processes.

8.1

Indirect Orientation Mechanisms

Film orientation control using ion bombardment may be the result of indirect
influences where ion bombardment influences factors such as the substrate temperature, residual stress, and surface energy minimization which in turn causes
the orientation of the film to be altered. Though ions are known to influence
properties such as stress and surface mobility it is currently unknown whether
such indirect influences are the cause for texture development in IBAD thin
films.

8.1.1

Atomic Mobility

Ion bombardment during thin film deposition is known to increase substrate
temperature which has a direct correlation to the atomic mobility of the growing
film and it has been shown by Dellas and Harper [57] that during magnetron
sputtering, films with higher degrees of atomic mobility will have smaller fiber
axis tilts. Stationary samples deposited using low energy ion bombardment show
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in pole figures that the angle of fiber axis tilt is generally constant indicating
that atomic mobility is fairly consistent in the range of ion energies studied.
As the transition between near-amorphous Z1 growth and fibrous columnar
ZT growth is generally explained as being due to substrate temperature and
atomic mobility, attempts were made to determine the corresponding impact ion
bombardment may have on such parameters. Figure 32 shows that the transition
from (220) to (111) takes place during glancing angle ion bombardment when
the ion energy and rate increases from E = 91eV and ji /jm = 0.687 to E =
101eV and ji /jm = 0.837. If atomic mobility is directly influenced by ion
bombardment during IBAD it should be possible then, to alter the energy and
ratio requirements to transition from Z1 to ZT by altering the temperature of
the film thus allowing for either Z1 morphologies to occur at higher levels of ion
bombardment or ZT morphologies to occur at lower levels of ion bombardment
depending on the temperature change.
Films were deposited using conditions of ion bombardment identical to GR2
(highest level of ion bombardment exhibiting (220) orientation) while raising the
temperature of the sample as high as the system allowed, and under conditions
identical to GR3 (lowest level of ion bombardment exhibiting (111) orientation)
while lowering the temperature while still ensuring sufficient energy to form
TiAlN. As SEM and XRD results show in Figures 53 and 54, the resulting
orientations and morphologies are unaffected by temperature changes and are
determined solely by the levels of ion bombardment indicating that film heating
would not be the cause for texture development during IBAD growth.
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Figure 53: SEM images of films deposited using glancing angle ion bombardment under
conditions of a)550o C with ion rates and energies of E = 91eV andji /jm = 0.777 and
b)250o C with ion rates and energies of E = 101eV andji /jm = 0.990
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Figure 54: XRD plots of films deposited using glancing angle ion bombardment under
condition of a)550o C with ion rates and energies of E = 91eV and ji /jm = 0.777 and
b)250o C with ion rates and energies of E = 101eV and ji /jm = 0.990

8.1.2

Stress

As residual stresses in a thin film increase, the film would be expected to orientate itself such that elastic planes will be aligned in a manner to reduce the
strain energy in the film. Measurement of the residual stress using the sin2 θ
method for weakly textured samples, and crystallite group method for highly
textured samples is seen in Figure 55 which shows that at normal incidence,
ions cause high levels of stress within the film regardless of ion energy. 45o
ion bombardment results in a gradual increase of stress as the energy of the
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ions increases. For glancing angle ion bombardment the residual stress shows
a slight decrease as the energy and rate of ions increases up to a critical level
where the stress increases again indicating the potential use of glancing angle
ion bombardment as a means for stress reduction.
As discussed, for glancing angle ion bombardment there is a reduction in
stress as the film shifts from (220) towards a weak (111) orientation, yet as the
stress then increases the pole figures show that the (111) orientation becomes
much stronger. Similarly for 45o ion bombardment there is a jump in stress as
the texture goes from (220) to strong (111). For normal incidence ion bombardment the orientation is consistently strong (111) and the stress is consistently
high. Though this may indicate that there is perhaps an indirect relationship
between the orientation and the stress of a film, the results from glancing angle
ion bombarded samples would seem to contradict this and it is more likely that
this is due to the (220) elastic modulus being lower than for (111). Since for
TiAlN the (100) orientation is expected for an in plane strain energy reduction orientation mechanism, it is unlikely that this is the mechanism for texture
development in IBAD growth of TiAlN.
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Figure 55: Residual stress measurements for films deposited with ion bombardment
at normal incidence, 45o incidence and glancing incidence.

8.1.3

Epitaxial Influences

Eptiaxy, or the matching of orientations between layers generally has a strong
influence on keeping the film texture consistent during monolayer thin film deposition. It has already been shown that the orientation of TiAlN may be
controlled in situ by adjusting the rate and energy of ions bombarding the surface during low energy glancing angle ion bombardment and would rule out
epitaxial influences as the primary mechanism for low energy IBAD.

8.1.4

Surface Energy and Facets

During film growth it is common to observe faceted structures on the surface
of a film. This faceted growth has also been attributed as being the cause
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for orientation development within films. When atomic mobility is low, atoms
cannot move between grains and tend to ”stick” to where they land during
deposition. When this happens grains will grow such that the ones with the
fastest growing facets will outgrow other grains, see Figure 56. When atomic
mobility is higher, atoms will migrate in order to reduce surface energy of a film
generally by forming facets of a low surface energy on grains.
Cross sectional SEM imaging consistently showed very smooth film surfaces
with higher magnification TEM imaging confirming this, as seen in Figure
57. SEM surface imaging, seen in Figure 58, has shown extremely flat surfaces lacking in facets and showing that growth is much closer to a Frank-van
der Merwe (layer by layer) growth than Volmer-Weber (island) or StranskiKrastanov (mixed). Though facets are not required for surface energy minimization, a smooth surface growing according to a surface energy reduction
mechanicm would be expected to result in a (100) orientated film which is not
seen.
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Figure 56: Illustration of how fastest growing fronts may become dominant orientation
by means of an overgrowth mechanism[114]

Figure 57: TEM comparison of a) (220) and b) (111) surfaces. Though the (111)
surface appears to be smoother both still lack evidence of faceted growth
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Figure 58: SEM surface imaging of a TiAlN film exhibiting a highly flat surface.
The high levels of contrast possibly show new grains on substrate surface exhibiting
layer-by-layer growth

8.1.5

Phase Orientations

As it has been theorized that during the decomposition of a metastable alloy
lattice matching may influence resulting orientations due to a stress reduction
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mechanism at grain boundaries it is important to look at the decomposition
and relation to stress for deposited films. As stress reduction mechanisms do
not appear to correlate to orientation development this would rule out orientation during spinodal decomposition based on lattice matching. Still, despite
strong evidence for decomposition, wurtzite structured AlN is not seen in XRD
results. As the fcc form of AlN is metastable this may indicate that spinodal
decomposition did not reach completion and only Al rich and Ti rich segments
formed as opposed to pure TiN and AlN.
To compare the phases within the film at varying levels of ion bombardment,
the binding energies of atoms may be observed using XPS spectroscopy. Results show that despite apparent differences in decomposition determined during
XRD analysis, binding energies for varying orientations and levels of ion bombardment were seen to be identical. Thus, though orientations may differ the
same phases are seen within the film.

8.2

Direct Orientation Mechanisms

The ability of ions to influence crystalline orientation is widely attributed to
the ability of ions to travel through certain planes more readily than others.
For FCC films with NaCl structure the (111) plane is the most resistant to ion
channeling as it is the most dense, whereas the (100) plane is the most open.
Regardless of whether ion bombardment induced damage or ion bombardment
induced energy effects are the mechanisms, the film should align along channeling planes according to the theory. Analysis of the results show that this theory
does not hold for the low energy variable angle ion bombardment of TiAlN.
As ion channeling is based on a damage anisotropy and overgrowth mechanism to explain orientation development there must be two requirements. First,
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a stationary substrate to ensure that open channeling directions are given time
to align and, secondly, sufficient ion energy to ensure that crystalline damage
or energy transfer is indeed taking place. According to calculations in chapter
5 for the open area for channeling cubic NaCl structured films should develop
either (100) orientation for normal ion bombardment or (011) for glancing angle
and intermediate ( 45o ) ion bombardment.
As discussed, SEM thickness measurements show that as the rate and energy
of the ions increases the film thickness decreases indicating that the requirement
of ion damage and atom removal is met during IBAD. Still, as film orientation
for glancing and 45o ion bombardment exhibits (220) orientation for low levels of
ion bombardment this may indicate agreement with the theory of ion channeling.
However as the energy of ions increases the rate of damage should increase also
and yet the orientation shifts to (111) in contrast to the theory of ion channeling.
Additionally, as the orientation shifts from (220) at lowest levels of energy and
angle to (111) at higher energies for both rotated and stationary samples shows
that sample rotation is not a requirement for film orientation during IBAD.
Given the contradictions between sample rotation, surface damage, and resulting orientation, ion channeling is not considered a cause for film orientation
during IBAD. However, it is also possible that damage anisotropy may exist
due to factors other than ion channeling. Existing films of (111) and (220) orientation were bombarded with ions to measure surface damage anisotropy and
results, seen in Figure 59, show that the (111) orientated film took more damage
than the (220) indicating that the (111) orientation does not develop due to it
having a higher damage tolerance than other crystalline orientations.
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Figure 59: Measured damage anisotropy between (111) and (220) orientated film undergoing constant ion bombardment

8.3

Surface Subplantation Mechanism for Orientation

As commonly accepted mechanisms for the development of thin film orientation
during IBAD do not sufficiently explain the observed shift from (220) to (111)
orientation during IBAD it is necessary to discuss alternative mechanisms which
may be influential in controling thin film orientations.
One common use for IBAD is in creating highly dense films, this is due
to the atomic peening, or forward sputtering, effect first described by K.H.
Muller who showed that during ion bombardment voids would be filled as top
atoms under bombardment would be knocked down into said voids, illustrated
in Figure 60. This paper only simulated two dimensional ion bombardment and
was unable to consider effects of texture within a film. Still, the concept of
atomic rearrangement as an orientation mechanism during IBAD processes has
been given little to no consideration when discussing mechanisms for texture
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development within thin films during the IBAD process yet it may be quite
important.
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Figure 60: Illustration of the forward sputtering mechanism proposed by K.H. Muller
for void reduction during IBAD [97]

113

Lifshitz et al [125] determined that in the formation of diamond like carbon
(DLC) coatings the formation of sp3 bonded carbon was due to the implantation
of energetic ions into subsurface layers displacing sp2 bonded atoms with respect
to sp3 bonded atoms and was termed ion subplantation. This model has been
gradually expanded and improved since then, however it is still generally only
considered as a mechanism for bond formation in DLC film.
Patsalas et al. did observe a link between subplantation energies for Ar+
bombardment of TiN films and the shift to (100) orientation from (111) orientation [126]. The discussed mechanism for orientation was based on the dissipation of energy from the ion either being within the material bulk or surface,
thus affecting surface mobility. This study, however, was limited to ions supplied from the sputter plasma with the energy controlled by the substrate bias.
The presence of an electrical bias was not accounted for outside of increasing
the energy of ions, and the authors were not able to discount the effect of high
electrical fields influencing orientation or determine how ion rates may influence
orientation.
To determine the validity of such a mechanism requires the comparison of
experimental results to predicted simulations of the ion bombardment of TiAlN
film and a thorough understanding of the ability of ions and atoms to penetrate
and subplant within a material.

8.3.1

SRIM/TRIM Simulations

The SRIM/TRIM 2013 program is a Monte Carlo simulation software package
which may be used to simulate the interaction of energized ions bombarding a
material. This software has been used to better understand the energy requirements of ions to displace atoms within a TiAlN film. The mechanics of the
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software along with results and a discussion are presented below.
SRIM/TRIM 2013
SRIM/TRIM 2013 is a computer simulation package which utilizes a group of
programs to calculate the stopping and range of energetic ions (10eV-2GeV/amu)
into matter. As an ion penetrates a material it undergoes a series of screened
Coulomb binary collisions with atoms. Atoms which are energized due to a collision then are able to be displaced from their lattice position and collide with
other atoms within the material simulating a cascade of binary collisions which
includes exchange and correlation interactions between the overlapping electron
shells. This program has been compared to experimental ion bombardment of
materials at low temperatures (15-40o K) and found to be quite accurate [99]
and as with any simulation it is important to understand mechanics, assumptions, and limitations of the software in order to best interpret the data. A
full explanation of the physics used within the simulation and the mechanics of
the program is available in the SRIM Stopping Range of Ions in Matter 2008
textbook. Still, a concise explanation is useful for better interpreting the results.
As mentioned, SRIM/TRIM simulation package operates by simulating the
interaction of ions with materials as a series of binary collisions as diagrammed
in figures 61 and 62. The simulation is primarily decided by two key parameters;
the path length within the material, which is related to the material density, and
the impact parameter p which determines how strongly the ions interact with
the material atoms and is determined by the electronic and quantum mechanical
interactions between colliding particles.
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Figure 61: Diagram of a binary collision as used in the TRIM package [127]

Figure 62: Illustration of a binary collision cascade similar to that used in the TRIM
package

As discussed in chapter 5, the energy transferred in a binary collision is given
by
T =

4E0 M1 M2
θ
sin2 ( )
(M1 + M2 )2
2

(59)

which is a function of the scattering angle Θ in the center of mass coordinates.
The laboratory scattering angle is given by
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θ = arctan(sinΘ/[cosΘ + M1 /M2 ]).

(60)

After the collision the azimuthal scattering angle φ both particles is given
as
φ = 2πRn

(61)

where Rn is a number between 0 and 1. During calculations the actual angle is
consistently referenced with respect to the axis representing substrate normal
and after the ith collision the angle is

cosαi = cosαi−1 cosξi + sinαi−1 sinξi cosφ.

(62)

This result holds true while collisions are elastic, which is a critical assumption made in this approach. Additionally though this methodology has been
shown to be accurate, it only accounts for the atoms as point masses while
understanding the actual nuclear sizes and electronic interactions of the electron fields between atoms is also important. Solving the two-body central force
problem can be done while working in the center of mass coordinates using polar coordinates r and Θ where it is assumed that there are no transverse forces
acting between the particles. For such a system the conservation of energy states

Ec =

1
dr 2
dΘ 2
1
Mc (
+ r2
) + V (r) = Mc V02
2
dt
dt
2

(63)

where Ec is the center of mass energy. Similarly the conservation of angular
momentum states that
Jc = Mc r2

dΘ
= Mc V0 p
dt

where p is the impact parameter illustrated in Figure 61.
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(64)

Using these equations, dΘ can be derived as a function of dr which allows for
the direct calculation of the energy transferred in a collision involving a central
force potential V (r), resulting in
dΘ
=
dr
r2 [1 −

p
V (r)
Ec

−

p2 1/2
r2 ]

.

(65)

Integration over the entire path, beginning with an initial trajectory of Θ = π,
gives

Z∞
Θ=π−2
rmin

pdr
r2 [1

−

V (r)
Ec

−

p2 1/2
r2 ]

(66)

which allows for the determination of the final scatter angle in terms of Ec ,
V (r), and p.
The actual interaction potential between functions is dependent on the nucleii and the electron probability clouds screening them. The screening function
is defined as the ratio of the actual atomic potential to the potential caused by
an unscreened nucleus.

Φ=

V (r)
.
Ze/r

(67)

The atomic screening can be determined three ways, first is fitting a function
to experimental value, second is a thorough quantum mechanical evaluation,
and third is a simplified quantum mechanical approach where only specific interactions are accounted for. In the TRIM program the determination of this
function is based on all three approaches. First, in creating a theoretical screening function there are multiple candidates. Bohr suggested a screening length
of the form
aI (Bohr) =

a0
2/3
(Z1

2/3

+ Z2 )1/2

(68)

where Z1 and Z2 are the atomic number of the atoms. Later modifications on
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this approach were done by Firsov who, using computer calculations determined
that
aI (F irsov) =

0.8853a0
1/2
(Z1

(69)

1/2

+ Z2 )2 /3

while Lindhard later proposed additional modifications

aI (Lindhard) =

0.8853a0
2/3
(Z1

2/3

+ Z2 )1 /2

.

(70)

Unfortunately each approach has relied less on fundamental derivations and
more on creating best fit equations for experimental data. Most recently J.F.
Ziegler et al. [99],the authors of the TRIM program, based on previously proposed screening lengths and experimental data proposed a universal equation
which fits experimental data to ≈ 18% (compared to ≈ 44% for previous results)
for interatomic potentials greater than 2eV being

aU =

0.8853a0
+ Z20.23 )

(Z10.23

(71)

which was then compared to data and fit exponentially to give a universal
screening potential

ΦU = 0.1818exp(−3.2x)+0.5099exp(−0.9423x)+0.2802exp(−0.4028x)0.2817exp(−0.2016x)
(72)
where x = r/au .
Within the actual software the calculations performed are adjusted to ensure
computing efficiency while accounting for the energy of the ion, for low energy
ions the target atom is considered to have a cylindrical shape of

π(p2max L = 1/N )
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(73)

which relates the density N , path length L, and the impact parameter of the
target atoms. The maximum impact parameter pmax is determined based on
the minimum scattering angle required to have any statistical influence on the
path of the ion (or in the case of a cascade a mobile target atom) and the density
is a user input value. This allows for free flight path to be found. During this
flight path, the atom is able to lose energy due to electronic interactions and
between collisions (again assuming low ion energies) the electronic energy loss
used is one derived by Oen and Robinson [99]
√
.045k E
∆E =
exp(−0.3r0 /a)
πa2

(74)

√
where k E is the electronic stopping cross section for low energy particles.
As with any simulation there are approximations and limitations which are
also important to understand when interpreting results. First, calculations do
not include thermal effects generally present within materials meaning that even
at room temperatures much of the damage calculated by the program would be
annealed away. Additionally in the simulations atoms knocked from lattice positions generally do not recombine with vacancies (unless another collision sends
them back to the initial position). Secondly, the program assumes an amorphous
target meaning that crystalline orientation and ion channeling effects are not
considered during calculation. Because of this amorphous approximation, each
collision is done such that a target atom from the compound is selected at random with probabilities based on the stoichiometric values input by the user not
based on the locations of atoms within compounds. This has the effect of also
making the threshold displacement energy function uniform surrounding atoms
which in reality would be crystalline orientation dependent. Last, though not as
important to this thesis, the sputtering of surface atoms assumes an atomically
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flat surface and can not take into account roughness effects on sputtering.
Even with these limitations the TRIM program is still highly accurate when
simulating the interaction of energetic ions with materials and cited quite often.
As mentioned, the actual formulation of atomic interactions performed within
the software is quite thorough and a full discussion of these is done in the SRIM
2008 textbook [99].
TRIM 2013 results
The ability of argon ions to penetrate and interact with TiAlN at various
angles and energies has been investigated using the TRIM 2013 simulation software. The range for such ions within TiAlN was simulated for 5o , 45o , and 90o
at energies ranging from 50eV to 125eV. The density for TiAlN was set to be
3.89g/cm3 [65] and the values for displacement and binding energies were determined by the program. Ranges for 5o , 45o , and 90o argon ion bombardment
are seen in figures 63, 64, and 65 (plots are separated as the range bars overlap).
Unsurprisingly the range decreases as the angle of incidence moves away from
the substrate normal. Overall, the penetration depth ranges from 3 ± 2Åfor 50
eV ions at glancing angle incidence to 9±4Åfor 125 eV normal incidence ions, or
approximately within the first two unit cells of the surface. Hence, interactions
between argon ions and films are limited to the first few atomic layers of the
film surface with the depth being limited further for higher angle bombardment.
Thus any mechanism for orientation development would have to be limited to
surface effects.
Assuming the mechanism of orientation is the subplantation of Ar+ ions,
both normal incidence and 45o ion bombardment for the energy ranges studied
would subplant ions past the monolayer threshold seen by Patsalas et al [126],
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whereas glancing angle ion bombardment would not result in the surface subplantation of ions at any of the energy ranges studied. This seems to limit the
idea that Ar+ subplantation is directly responsible for orientation development.

Figure 63: Normal incidence Ar ion depth of penetration as a function of ion energy
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Figure 64: 45o incidence Ar ion depth of penetration as a function of ion energy

Figure 65: 85o incidence Ar ion depth of penetration as a function of ion energy

Results for the simulation of a TiAlN surface with 10 100eV ions is seen in
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Figure 68. Plotted is the rate of vacancy creation vs the depth into the sample.
Results show two distinct depths at which collisions between ion and layer atom
takes place which represents the depths were atoms are initially placed, or the
initial layers of the material. As the number of ions is increased to 1000, seen in
Figure 67, it can be seen that there are vacancies created between layers, this
is due to interstitial atoms, or atoms not at a lattice position. These results
are only possible due to the lack of thermal movement within the material
during this simulation. Generally, if atoms are not given sufficient energy to be
displaced from their lattice site, they would relax back to that site after being
hit. In the TRIM program there is no thermal relaxation so what is seen is this;
as an atom from a layer is hit by an incoming ion it is displaced further into
the material. However, at such low energies the atoms generally do not have
sufficient energy to displace atoms in the subsequent layer. Thus we observe
what appears to be an increased build up of atoms against that layer. This
can also be seen while simulating 50eV ions in Figure 66. Though, as the ion
energy is reduced the ability of it to displace atoms is also decreased and less
interstitial atoms are created. As the energy of the ions is increased the ability
of atoms to knock out atoms from deeper layers is increased and we begin to
observe that the distribution becomes much more randomized as seen in Figure
69.
The lack of thermal movement within the simulation allows for some interesting results. First this demonstrates how low energy ions are limited in their
ability to create chain reactions of displacements. Given common displacement
energies of 10-50eV (though ≈ 25-30 for the elements used here) low energy
ions may collide with an atom which is then displaced from its original position
but they are unable to impart enough energy for that atom to further displace
additional atoms from the subsequent layer within the film. Additionally, it can

124

be seen that the number of created vacancies between layers increases as the
position becomes closer to the next layer before dropping off after the layer. As
the energy of the ions is increased the ions gain the ability to create collision cascades and we can see that the number of collisions between layers becomes fairly
constant until deeper into the material when the ion begins to loose energy.

Figure 66: Resulting locations of vacancies created due to 50eV Ar ion bombardment
as simulated using TRIM
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Figure 67: Resulting locations of vacancies created due to 100eV Ar ion bombardment
as simulated using TRIM

Figure 68: Location of vacancies from 50eV ion bombardment when material is ”relaxed” (ran using only 10 ions so atoms are generally not displaced prior to being hit
with incoming ions)

126

Figure 69: Resulting locations of vacancies created due to 1000eV Ar ion bombardment
as simulated using TRIM

Simulation results have confirmed that given the energy ranges investigated
atoms would not be given sufficient energy to displace atoms outside of the
top layers of the film which is a requirement for subplantation to be the dominant mechanism. Additionally, the creation of moderate numbers of interstitial
atoms would correlate with larger in plane levels of stress, which was seen for
strongly textured (111) orientated films, and a higher density for which the
(111) orientation would exhibit during layer by layer growth.

8.3.2

Subplantation of Surface Atoms: Comparision Between SRIM/TRIM
and Experiment

To determine the ability of ion bombardment to influence texture and to determine a relationship between theoretical simulations and observations from
experiments it is necessary to look further at the interaction between surface
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atoms and ions.
A collision between two spheres m1 and m2 where m2 is initially at rest
results in a final energy for m2 of
T
4m1 m2
cos2 (η)
=
T0
(m1 + m2 )2

(75)

where η is the angle between the initial trajectory of m1 and the final trajectory
of m2 as illustrated in Figure 70. By treating the collision as being between
m1 moving parallel to a plane which m2 is stationary on the energy transferred
normal to the plane would be
T⊥
4m1 m2
cos2 (η)sin(η).
=
T0
(m1 + m2 )2

(76)

Expanding the collision to a third dimension allows for a tilt of the collisional
plane relative to the substrate, illustrated in Figure 71. Thus, the normal component becomes
T⊥
4m1 m2
cos2 (η)sin(η)cos(γ)
=
T0
(m1 + m2 )2

(77)

where γ is the angle of tilt. To allow for ions coming in at various angles, θ relative to substrate normal a coordinate transformation may be applied resulting
in a generalized equation
4m1 m2
T⊥
=
cos2 (η)[−cos(η)sin(θ) + sin(η)cos(γ)cos(θ)]
T0
(m1 + m2 )2
which is illustrated in Figure 72.

128

(78)

Figure 70: Illustration of a binary collision in the plane of collision between two
particles

Figure 71: Illustration of the tilt of a collisional plane with respect to substrate normal
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Figure 72: Collision between an ion and atom with the ion travelling towards a stationary atom on a substrate. The energy transferred in the collision may be broken
into components parallel to the substrate and normal to the substrate.

Integrating Eq. 79 over all possible angles of impact for normal incidence,
45o , and glancing angle ion bombardment along with the ion energies, ion to
metal arrival ratios, and stochiometry allows us to determine the average energy
transfer to surface atoms with respect to substrate normal. Calculated values
for all deposited samples are seen in Tables 4, 5, 6.
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Table 4: Glancing angle ion bombardment sample orientation and average normal
component of energy transferred per atom

Ion Angle

Rotation

T⊥ (eV)

orientation

Glancing

Rotated

6.82

(220)

Glancing

Rotated

9.23

(220)

Glancing

Rotated

12.55

(111)

Glancing

Rotated

15.78

(111)

Glancing

Rotated

19.71

(111)

Glancing

Stationary

6.98

(220)

Glancing

Stationary

9.48

(220)

Glancing

Stationary

12.71

(111)

Glancing

Stationary

16.20

(111)

Glancing

Stationary

19.54

(111)

Table 5: 45o ion bombardment sample orientation and average normal component of
energy transferred per atom

Ion Angle

Rotation

T⊥ (eV)

orientation

45o

Rotated

12.05

(220)

45o

Rotated

17.03

(111)

45o

Rotated

22.34

(111)

45o

Rotated

30.33

(111)

45o

Rotated

37.10

(111)

45o

Stationary

14.41

(111)

45o

Stationary

20.03

(111)

45o

Stationary

27.11

(111)

45o

Stationary

34.19

(111)

45o

Stationary

41.66

(111)
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Table 6: Normal incidence ion bombardment sample orientation and average normal
component of energy transferred per atom

Ion Angle

Rotation

T⊥ (eV)

orientation

Normal

Rotated

17.89

(111)

Normal

Rotated

23.50

(111)

Normal

Rotated

31.14

(111)

Normal

Rotated

37.65

(111)

Normal

Rotated

44.24

(111)

Normal

Stationary

25.19

(111)

Normal

Stationary

34.19

(111)

Normal

Stationary

43.98

(111)

Normal

Stationary

55.10

(111)

Normal

Stationary

66.57

(111)

It can be seen that for values larger than ≈ 12.5eV /atom the orientation
is (111) whereas when the value is less than ≈ 12.5eV /atom the orientation is
(220). Such results may be compared to the penetration depths of atoms as
determined by the SRIM/TRIM simulation package for Ar+ ions along with
nitrogen, titanium, and aluminum atoms.
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Figure 73: Penetration depths of various atoms as determined by the SRIM/TRIM
simulation package

Results of penetration depth simulations, seen in Figure 73, show that while
titanium atoms may penetrate one monolayer into a film for energies observed
for all samples, aluminum atoms do not reach that depth until they have an
energy of ≈ 13eV and nitrogen atoms do not reach such depths until energies
of ≈ 23eV. This would indicate that when ions are able to impart sufficient
energies to subplant surface metal atoms due to collisions on the film surface
there is a change to (111) preferred orientation.
It would be reasonable to associate (111) orientation with subplantation as
it is the most dense layer. It is likely that orientations presenting sub-optimal
packing fractions, such as (100) and (110), develop (111) orientation to accommodate the increased density, seen in the SRIM simulations, of the layer due to
subplantation, as illustrated in Figs 74-75. This would be difficult to prove ex133

perimentally, however simulation results and indirect observations point towards
this as a mechanism.

Figure 74: Illustration of a potential mechanism for (111) orientation development:
on the top is a before image where an atom is sitting on top of a (100) plane

Figure 75: Illustration of a potential mechanism for (111) orientation development:
after the ion strikes the atom is pushed into the lower layer, this may continue until
the layer has the maximal packing fraction which is (111) orientation

TRIM results show that subplantation would explain the two features seen in
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deposited films which lack explanation by current theories. First, a (111) NaCl
structured film lacking surface facets is highly unlikely during normal deposition
as the (111) family of planes alternates between species of atoms as seen in
Figure 76. Due to the large differences in subplantation energy thresholds for
Ti/Al and N it becomes likely that ion bombardment results in the subplantation
of Ti and Al atoms while leaving N atoms on the surface, creating the alternation
required for (111) orientated surfaces.

Figure 76: Atomic locations for various surfaces of TiN which exhibits the same structure as TiAlN [128]

Secondly, as the (111) orientation would present the highest density of any
orientation for a layer-by-layer type growth, this would be the expected result
for a subplantation mechanism. Though TRIM does not consider differences
between orientations, based on the packing density of (111) the stress increase
for subplanted atoms would be greater than that for (100) or (110) planes.
This would correspond to the observed increase in measured stress as samples
developed strong (111) texture from (220) texture.
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The development of (111) orientation due to low energy ion beam assisted
deposition of TiAlN has been shown to be directly related to the ability of ions
to subplant surface atoms within the film. Such a mechanism would account
for films form (111) structures lacking facets along with the high levels of stress
observed in low energy IBAD growth.

8.4

Ion Bombardment and Film Structure

8.5

Morphology

The deposition of samples under glancing angle and 45o ion bombardment results in films exhibiting Z1 morphologies with small nanocrystalline grains and
mainly (220) fiber axis orientation at low energies and rates of ion bombardment. Increasing rates and energies of ion bombardment results in a change to
ZT morphology and an orientation shift to (111), which suggests a relationship
between morphology and orientation. Samples exhibiting a mixed orientation
have been imaged and exhibit Z1 morphologies indicating that at the least, Z1
morphology is not unique to (220) orientation. However, this does not eliminate
the possibility of a relationship between (111) orientation and ZT type growth.
Figures 77 and 78 show SEM and XRD results for the deposition of a film
with no ion bombardment and no substrate bias along with a film deposited
with only ions attracted from the sputter plasma using the substrate bias. Films
demonstrate Z1 morphology and, generally, a (220) orientation though the film
deposited without ion bombardment exhibits a stronger split (111) peak indicating a degree of mixed texture within the film along with a degree of spinodal
decomposition taking place.
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Figure 77: SEM images of a) sample deposited with no additional ion bombardment
but a 50V bias and b) sample deposited with no ion bombardment or bias
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Figure 78: XRD plots of Top)sample deposited with no ion bombardment or bias and
Bottom) sample deposited with no additional ion bombardment but a 50V bias

8.5.1

Columnar Tilt

Due to the increased attention given to microstructures within films and the
potential applications to emerging fields it is important to understand the mechanisms by which ion bombardment may affect microstructures and control such
parameters as columnar tilt. Reduction in columnar tilt by ion bombardment
during oblique angle deposition has been documented though multiple explanations have been presented. Elofsson et al. [60] demonstrated how increased
substrate temperatures created by ion bombardment induced heating may raise
surface atom mobility increasing the size of nucleating grains which creates a
larger degree of shadowing and a larger degree of columnar tilt. Alternatively,
the reduction in columnar tilt due to ion bombardment has also been explained
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as the ability of a substrate bias being able to deflect the path of charged particles such that the angle of incidence for the depositing flux becomes closer to
substrate normal [60]. Such a mechanism however was based on experiments
with HiPIMS where the deposition flux is highly ionized and also acts as the
means of ion bombardment during film deposition. By studying the effects of
ion bombarment separate from the deposition flux and at constant electrical
biases during deposition it is possible to get a more thorough understanding of
the relationship between ion bombardment and film growth.
Averaged values for columnar tilt, seen in table 7, demonstrate the ability
of ion bombardment to reduce the level of tilt in agreement with previously
published work [60]. Similar to orientation changes, it is apparent that the
angle of ion bobardment is highly influential in the level of tilt reduction with
glancing angle ion bombardment resulting in the lowest level of tilt reduction
and normal incidence ion bombardment resulting in the highest level. At the
lowest levels of glancing angle and 45o ion bombardment the angle of columnar
tilt is in strong agreement with the tangent rule which would predict an angle
of 25.6o for a 45o angle of deposition.
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Table 7: Measured values of columnar tilt and ion average normal component of energy
transferred per atom

ion angle

ji /jm

eV

column angle

45

0.519

86

24.5

45

0.667

93

17.8

45

0.815

103

10.16

45

0.964

107

8.0

45

1.11

113

0

≈85

0.534

88

22.7

≈85

0.687

93

24.7

≈85

0.840

102

23.9

≈85

0.992

110

25.0

≈85

1.15

115

20.8

0

0.802

90

12.2

0

1.03

95

8.3

0

1.26

100

0

0

1.50

106

0

0

1.72

111

0

Following the same approach as that for film orientation, the values for the
angle of tilt as a function of the average normal component of energy transfer
in ion-atom collision are seen in Figure 79. It can be seen that by considering
the normal component of energy transfer in ion-atom collision, as calculated for
subplantation discussions, differences in the degree of columnar tilt as it relates
to the angle of ion bombardment are eliminated.

140

Figure 79: Measured values of columnar tilt as a function of the average energy imparted normal to the substrate per atom

As a tilt reduction mechanism, subplantation does not seem to be an obvious
candidate as shadowing mechanisms would require structures higher than the
one monolayer in which subplantation takes place. Additionally, the energy
required, being ≈ 18 − 19 eV, is higher than that for orientation changes and
surface monolayer subplantation. However, dependence of the tilt on the normal
component of energy transfer would indicate that ion-atom collisions are directly
responsible for tilt reduction.
Due to the ability of ion bombardment to facilitate the transitions between
morphologies Z1 and ZT, thermal influences on the film surface may be related
to the degree of columnar tilt. However this would not be in agreement with
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results found by Elofsson et al.[60]. In that work, it was found that as the
thermal energy, or temperature, of the film is reduced the nucleating grains are
reduced in size and columnar tilt is reduced. Here, assuming ion bombardment
would increase the thermal energy of a film, the opposite is found to be true
where increasing ion bombardment decreases columnar tilt.
The correlation between the energy transfer normal to the substrate and
the tilt reduction would indicate that a mechanism based on individual ionatom collisions would be primarily responsible for the reduction in columnar
tilt. The forward sputtering mechanism presented by Muller, seen in Figure 60,
would seem to be the most reasonable mechanism based on the observed results.
Though the SRIM simulation program does not directly simulate displacement
energies for various structures it does recommend values based on a comparison
between the elements listed and an internal catalogue of published compounds.
Based on this it assumes the threshold displacement energy for TiAlN would
be ≈ 25 − 28eV /atom. Comparing this value to the range over which the
columnar tilt is reduced, ≈ 20−40eV /atom, it would appear to be in reasonable
agreement as the minimal reduction at slightly lower energy would be a result
of some atoms not being fully bound due to missing nearest neighbors and
being displaced into voids at lower energies. The full reduction of columnar tilt
would require complete void removal which, as seen in Figure 60, would need
the energy transferred through the grain before ejecting an atom into a void
thus dissipating the ion energy over multiple atoms.
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9

Biaxial Alignment and Future Work

As the component of energy transfer in ion-atom collisions has been strongly
linked to the out of plane orientation of the film it becomes important to determine how the parallel component of energy transfer may affect film growth.
As substrate rotation randomizes any effect of parallel energy transfer it is important to look at samples stationary during film growth and, specifically, the
influence of ion bombardment on the biaxial alignment present in the films.
Unfortunately there is lacking a discussion of mechanisms for the control of inplane alignment during IBAD processes. Since biaxial alignment can be viewed
as an additional degree of orientation it would be reasonable that mechanisms
for out of plane orientation would be the same as in-plane orientation, though
as observed current mechanisms do not provide sufficient explanation for the
development of in plane alignment during film growth.
S. Mahieu et al. proposed a mechanism for biaxial alignment in sputter
deposited thin films based on an overgrowth mechanism of aligned grains overgrowing misaligned grain[129]. In the proposed mechanism atoms which are
sputtered from a source at an angle relative to the surface will arrive and travel
along the surface, in the direction from which they were sputtered from, on high
mobility grains until they arrive at either a low mobility surface or encounter
a nucleating structure. At that point they will be incorporated into the grain
they encounter, thus the in-plane alignment will be determined by the capture
length of grains with grains that are aligned to maximize the capture rate of
atoms growing at a faster rate and becoming the dominant orientation of grains
within the film. This is illustrated in Figure 80, where at β = 0o , 180o the
capture length, as illustrated, is maximized.
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Figure 80: Results from S. Mahieu illustrating biaxial alignment capture length mechanism in sputter deposited thin films. a) side/cross sectional view b) top down view
[129]
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Figure 81: Comparison of biaxial alignment seen in a) sputter deposition results from
S. Mahieu where sputter deposition is in the direction indicated and b) IBAD results
where sputter direction is in the same direction as a) and ion bombardment is 90o
from sputter direction

Comparing the results of biaxial alignment between the results presented by
Mahieu et al. and the work done here clearly shows differing mechanisms yet
contain interesting similarities. Mahieu et al. demonstrated that for potential
angles of alignment around substrate normal there are two alignments presenting
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the maximum 2D capture length of the incoming atomic flux, seen in 80. Of
these two, one was preferred where a (200) plane would be facing the direction
of incoming flux as seen in pole figures, however both were evident. For biaxial
alignment due to ion bombardment the grains become aligned such that the
capture rate of ions is maximized, though ions are not incorporated into the
film. However, of the two orientations which would maximize the capture rate
the preferred alignment is where a (200) plane is facing away from the direction
of ion bombardment which would be the orientation not preferred by sputter
deposition, illustrated in Figure 81.
As an IBAD orientation mechanism, overgrowth due to atomic capture rates
as a mechanism would be unreasonable due to ions not being incorporated into
the films. Additionally as the ions have the ability to remove atoms from the
film, see Figure 37, the grains would seem to want to be aligned such that
they would minimize the impact of ion bombardment, as postulated in the
theory of ion channeling. Despite the mechanism laid down for sputter deposited
thin films not being applicable to IBAD thin films the underlying principles
may still be useful in creating a mechanism by which IBAD may influence inplane alignment. To this end, a 2D Molecular Dynamics simulation has been
developed which simulates Frank-van der Merwe growth where sputtered atoms
and ions arrive at a surface and are able to move along a surface until colliding
with a nucleating grain. Results illustrate the ability of ion bombardment in
such a manner to induce biaxial alignment by means of atomic rearrangement
of surface atoms.

9.1

Simulation Methodology

To model the alignment, a Molecular Dynamics simulation has been created
to study the effects of ion bombardment on the in plane arrangement of a
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single grain under IBAD conditions. During the simulation 2 layers of atoms
arranged in the (111) orientation are created which acts as the surface of the
material. Atoms are then placed on this plane and are constrained in the vertical
direction to best simulate Frank-van der Merwe growth. Ions approach from a
set direction, as illustrated in Figure 82, in the 2D plane and are allowed to
interact with the grain and the evolution of the grain is observed.
Though generally the study of the evolution of a single grain would be of
limited use due to the high level of interaction between grains during growth,
AFM surface mapping shows, as seen in Figure 83 and in agreement with SEM
imaging, small relatively flat grains sparsely growing on flat underlayers of the
depositing material. Whereas a rotated sample has grain not exhibiting any
level of azimuthal direction, the stationary sample has small triangular grains
aligned in the direction of ion bombardment. Both images are enhanced for
contrast due to the high smoothness of the samples.
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Figure 82: Illustration of simulation where ions travel towards a one layer grain on a (111) surface

Figure 83: Surface AFM imaging of a) rotated and b) stationary 45o ion bombarded
samples. Ion direction is indicated and lines are drawn around selected aligned grains
to guide the eye

Though a molecular dynamics approach does not account for random jumps
due to thermal energies which would be present in a growing and nucleating
structure it does accurately describe collisions between particles and for larger
systems can accurately model collision cascades. In such an approach the interaction between the incoming particle and the existing atoms is determined
using the Leonard-Jones potential
σ 12
σ 6
VLJ = 4[( ) − ( ) ]
r
r

(79)

where σ is the distance between particles at which the potential is zero and 
is the depth of the potential well attracting the particles. Given such a potential, the motion of particles may be determined using the classical equations of
motion.
As much is unknown about the interaction energies of TiAlN atoms a monatomic
material is used where the ratio of the ion energy to the depth of the potential well is observed. The rate of ion bombardment is set low enough that the
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system may come to equilibrium between successive strikes. Equilibrium was
obtained due to energy loss from a velocity proportional frictional force based
on electronic frictional energy loss as discussed in [130].

9.2

Results

Due to the inability of molecular dynamics simulations to accurately model nucleation resulting from random thermal jumps of atoms, a square grid of atoms
was created for the purposes of modeling the evolution under ion bombardment.
Figure 84 illustrates a typical process where over sufficient time and ion energies
surface atoms rearrange in agreement with experimental observations of biaxial alignment in thin films. Figure 85 illustrates the evolution of a 169 atom
grain under bombardment by 100 ions of increasing energies E/=15, 30, 85 3 .
The transition towards a triangular biaxially aligned shape is clear, however the
limitation on nucleation within a molecular dynamics simulation makes understanding the intermediary evolution difficult as it would not accurately model
realistic grain shapes.

Figure 84: Example results from molecular dynamics simulation, the red atom represents an ion moving down the page towards the grain
3 Reasonable values for  for metal atoms are generally a few tenths of an eV with Cu and
Ag being 0.41 and 0.35 respectively. Though values for TiAlN are unknown, assuming a value
of 0.4eV, E/=15, 30, 85 would correspond to ions with energies of 6, 12, 34eV respectively
[131]
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Figure 85: Grain arrangement progression for ion bombardment with ions of energy
E/ of 15, 30, and 85

As it was shown that epitaxy is not the primary mechanism of texture development in IBAD thin films, simulations were run with both epitaxial influences
considered and removed while the angle of ion bombardment was varied with
results seen in Figures 87 and 86. With epitaxy removed between substrate
and grain the grain begins to rotate and align in the direction of ion bombardment while grains limited by epitaxy still develop the triangular shape which is
expected for alignment, however no rotation of the grain takes place.
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Figure 86: Eptiaxial growth as simulated, a-d represents progression as ion bombardment alters film orientation
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Figure 87: Non-epitaxial growth as simulated, a-e represents progression as ion bombardment alters film orientation

Comparing results of biaxial alignment in non-IBAD thin films to IBAD
induced alignment in Figure 81 show that the range of alignment angles is
broader for IBAD films than for non-IBAD films with measured ranges of φ
dropping from ±37o to ±25o for 45o stationary ion bombardment indicating
that as the energy and rate of ion bombardment increases epitaxial influences
on the in plane alignment of grains is reduced and the in plane transfer of energy
becomes a more dominant mechanism.
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9.3

Future Development

Despite the promising results of simulations, further work can be done to create a more thorough simulation methodology and better understand the ability
of ion bombardment to influence the in plane alignment of grains. Though the
Leonard Jones potential is commonly used for such simulations it is mainly used
for determining Van-der-Walls forces between atoms and further expansion to
account for chemical reactions between atoms is necessary. Additionally, as seen
in Figure 85 as the ion energy increases the grain begins to develop vacancies
and take on a fragmented look which limited the current results to lower energies. It would be expected that nucleation and random thermal motion on
the surface would eliminate this. Thus, to fully understand the relationship between ion bombardment and biaxial alignment the current simulation will need
to be expanded to include the combined approaches of molecular dynamics and
Monte-Carlo calculations to allow for not only accurate ion-atom collisions but
also grain nucleation. Work has been done on a rudimentary Monte-Carlo approach where, as collision cascades are not programmed in, ion bombardment
results in one atom struck moving back one lattice position which would correspond to an ion energy of only a few eV. Still, early work, seen in 88, shows
the development of in plane alignment corresponding to experimental results
though results show clear issues with proper nucleation.

Figure 88: Example output of a Monte-Carlo simulation of a grain undergoing ion
bombardment
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Additionally, the energy loss of an atom moving on a surface is not only
due to electronic friction but also the movement towards thermal equilibrium
with the substrate. Additionally, M. Ternes, et al. utilizing AFM measurements
measured and found a non-velocity dependent frictional force for Co atoms on
Pt(111) [132] which illustrates the need to better understand the interaction
between surface atoms and materials during film growth. Even further developments would result in allowing atoms to begin to nucleate in three dimensions
which would allow for better understanding on parameters influencing biaxial
alignment in a wider range of thin films.
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10

Conclusions

Thin films of TiAlN have been deposited using IBAD techniques using relatively
low energy (< 120eV ) ion bombardment with the goal of better understanding
the mechanisms controlling orientation during thin film growth. Unique to this
study is the investigation on the effect of ion incidence angle during IBAD film
growth, the effect of glancing angle ion bombardment on a film of NaCl rock
salt structure, and the attempt to understand separate mechanisms for in-plane
and out-of-plane orientation development in IBAD thin films. Additionally this
study attempts to cover all known theories of orientation development during
thin film growth while also considering the influence of sample rotation which,
though studied, is often overlooked as a condition variable during IBAD growth.
Results have shown that (220) fiber axis orientation develops as the rate
and angle of ion bombardment is below a threshold level which is incident angle
dependent. Increases in the level of ion bombardment then result in the (111)
becoming the preferred orientation. This shift in orientation is also shown to be
related to a change in microstructure as the film changes from Z1 type growth to
a ZT type growth. This change in morphology is also shown to not be influenced
by deposition temperature indicating an application for IBAD in forming morphologies when potential deposition temperatures are limited. Results have also
shown that this change can be controlled in-situ and can be used to create layers within films of varying orientations/microstructures. During film deposition
samples which were not rotated around substrate normal developed both columnar tilt and biaxial alignment, though fiber axis orientation and microstructure
development were consistent with corresponding rotated samples.
Commonly accepted theories for orientation development including surface
energy minimization, strain energy reduction, epitaxial influences, along with
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ion channeling/energy dispersal were investigated. Surface energy reduction
would be expected to result in (100) orientation or (111) orientation with grains
terminating with (100) facets, however films exhibited highly flat surfaces of
(111) orientation lacking facets. Strain energy reduction would also be expected to result in (100) orientation for the minimization of in plane stresses
however this was not seen. The ability to vary orientation and morphology insitu would be in conflict with epitaxial influences being the primary mechanism.
As ion channeling/energy dispersal requires stationary substrates for texture to
develop, the consistency between stationary and rotated samples would be inconsistant with such a mechanism.
Atomic subplantation, regarded as a mechanism for bond formation in DCL
films but not for orientation development, has been investigated as a mechanism
for texture development. Values for the average energy imparted normal to the
substrate in ion-atom surface collisions for all samples have been calculated and
it has been shown that the shift from (220) to (111) fiber axis orientation occurs at a value of ≈ 12.5 eV/atom. The value for normal energy transferred
per atom is also shown to strongly correlate to the level of columnar tilt reduction in all stationary samples eliminating differences in results due to differences
in ion bombardment angle. Simulations using the SRIM/TRIM 2013 package
have shown that implantation of both Ti and Al atoms one monolayer within
the material is not achieved for values less than 12.5 ev/atom. Given the agreement between experimental and simulated values it is concluded that surface
metal atom subplantation is the mechanism for orientation development in the
deposited films.
A mechanism for in plane alignment, observed for stationary samples, has
been has also been investigated using molecular dynamics simulations. Simulation methodology has been based on a proposed model by S. Mahieu et al. for
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biaxial alignment within sputter deposited thin films where atoms may move
over the film surface in the direction of deposition until encountering a nucleating structure. The simulation observes the evolution of a single two dimensional
grain on a (111) surface as ions move towards it along the film surface. It is
shown that for ions with low relative energies, grains begin to exhibit additional
alignment in agreement with pole figures for deposited samples.
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